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"Absolute measurements of cross-sections of nuclear 
reactions induced by f a s t neutrons'1 

THESIS 

presented i n candidature f o r the degree of 

DOCTOR OF PHILOSOPHY 

i n the 

UNIVERSITY OF DURHAM 

by 

COLIN GEORGE BRUCE WILLIAMS, M.Sc. (Birmingham). 



Memorandum 

The work described i n t h i s t h e s i s was carried out 
at the Londonderry Laboratory f o r Radiochemistry, 
University of Durham, between January 1963 and September 
1964, and at the university of Kent at Canterbury, 
between October 1964 and December 1965 under the 
supervision of professor &•£• Martin, professor of 
Chemistry, university of sent at Canterbury* 

Th i s t h e s i s contains the r e s u l t s of some o r i g i n a l 
research by the author; no part of the material offered 
has previously been submitted by the candidate f or a 
degree i n t h i s , or any other University* When use 
has been made of the r e s u l t s and conclusions of other 
authors i n relevant investigations, care has always been 
taken to ensure that the source of information i s c l e a r l y 
indicated, unless i t i s of such a general nature that 
indic a t i o n is. impracticable. 



ABSTRACT 

Nuclear reactions induced by 2*3 MeV and 1U*7 MeV 
neutrons i n some l i g h t and medium weight elements 
(nitrogen* oxygen, fluorine,phosphorus, calcium, iron, 
copper and selenium) have been investigated by activation 
techniques* The cross-sections of (n,p), ( n , t ) , (n,ot) 
(n,2n), (n,n 1) and (n,y) reactions have been measured, 
and are discussed with reference to the predictions 
of the nuclear models. 

The 2*3 MeV neutrons were obtained from the 2H(d,n)^EIe 
reaction while those of 1U MeV were obtained from the 
^H(d,n)^He reaction. The deuterons were accelerated on 
a 200 kV Cockeroft-Walton and a hOO kV 3.A.M.E.3. 
accelerator* A method was developed to determine the 
absolute flux at both energies using the associated p a r t i c l e 
method* Recoil p a r t i c l e s were counted on a s i l i c o n surface 
b a r r i e r detector mounted i n the accelerator d r i f t tubes* 

Absolute disintegration rates were determined by 
end-window proportional counters, annular l i q u i d sample 
Geiger—MAIler counters and on various Nal(Tl) ^-ray-
s c i n t i l l a t i o n spectrometers* These were calibrated using 
sources which were standardised using k Tf |3 counting and 



Wftp /% or coincidence techniques. The 
active species resulting from i r r a d i a t i o n were separated 
radiochemical^ before further i d e n t i f i c a t i o n and 
determination by counters* 
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I 

CHAPTER I 

introduction 

Much of the Information now available on the structure 
and c h a r a c t e r i s t i c s of the atomic nucleus has been obtained 
by the study of the int e r a c t i o n of p a r t i c l e s and photons 
with p a r t i c u l a r nuclides* A number of d i f f e r e n t models 
have been proposed to account f o r the observed data* These 
are the Bohr l i q u i d drop model and the nuclear s h e l l model" 
with the many other variants which have been developed from 
these* A8 the amount of experimental data grows these 
models are suitably modified and become more sophisticated i n 
order to explain the observations* I d e a l l y the behaviour 
of the atomic nucleus should be calculated from f i r s t 
principles,but so l i t t l e i s known of the nuclear interaction 
forces and the many - body - problem calculations are so 
complicated that t h i s i s quite impossible a t present* 

Of the many probes available (neutrons* protons* 
cL- p a r t i c l e s and ethers) the neutron i s one of the most 
useful slnoe i t has no nuclear charge,and therefore i t does 
not experience a repulsive coulomb b a r r i e r and can i n t e r a c t 
with nuclei over the entire range of the available energy 
( 1 0 - 4 - 1 0 1 0 e v ) . 

I n the energy region of i n t e r e s t here (the f a s t neutron 

region' which extends from^pfcgxt 1 to 50 MeV) e l a s t i c . 
94.7 J pa 1 W 1i> »r 

r.tsrio* 
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i n e l a s t i c and capture reactions of the types (n9jf), 

(n,n), (n,n'y ) , (n,p) f (n,*. ) , (n,x), (n,2n), (n.np), 
(n,n<* ) and (n,nx) are possible, (together with (n, f i s s i o n ) 
f o r heavy elements). A measure of the probability of such 
an event taking place i s expressed as a cross-section for 
the reaction and i s measured i n u n i t s of 1 0 - 2 4 cm 2 which 
are c a l l e d barns. The contribution of each process to the 
t o t a l cross-section depends on the neutron energy and the 
target nucleus. To obtain the complete data which might 
be useful f o r t h e o r e t i c a l discussion a study should be made 
of each nuclide over the complete energy range with 
monoenergetic beams of neutrons. 

i n the past,large gaps were l e f t i n the energy range 
because of the l i m i t s of the a v a i l a b l e machines but now 
systematic excitation functions (curves of the v a r i a t i o n of 
cross-section with energy) are being increasingly c a r r i e d 
out. 

Since 1947 when quantities of t r i t i u m produced from 
the 6 L i ( n . t ) 4 H e reaction i n nuclear reactors became 
available, much work has been done at an energy of 14 MeV; 
neutrons of t h i s energy may be produced using small accelerators 
( < 200 key) by using the reaction 3H (d.n) *He + 17.586 MeV. 
(Hp r e a c t i o n ) . 

At t h i s energy the three main i n e l a s t i c processes are 
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(n»P)» (n.oc), and (n,2n). These have l a r g e l y been 
Investigated using the activation method, as i n the present 
work* This involves the bombardment of a sample of some 
target material with a known f l u x of neutrons to produce 
residual n u c l e i which are radioactive* The a c t i v i t y of the 
sample i s determined by suitable detectors to find the number 
of radioactive nuclei produced and hence the cross-section 
f o r the reaction* 

Other methods have been developed i n which the r e c o i l 
p a r t i c l e s are detected by using nuclear emulsions ?or 
d i r e c t l y with s c i n t i l l a t o r s , gas or s o l i d s t ate counters. 
These l a t t e r methods can y i e l d more information on the actual 
reaction process than the a c t i v a t i o n method since the s p a t i a l 
and energetic d i s t r i b u t i o n of the p a r t i c l e s may be 
determined. 

I n the case of (n,2n) reactions various m u l t i p l i c a t i o n 
methods have also been used. Here the cross section i s 
calculated from the increase i n the number of neutrons 
counted by a suitable detector when the sample i s placed 
between a neutron source and a detector. i n 4Tf detector 
methods neutrons from a sample are detected by a suitably 
loaded bath of l i q u i d * I n the 'manganese bath' method 
neutrons are moderated i n a solution of potassium permanganate 
and react to give the active nuclide Mn. The amount of 
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a c t i v i t y serves as a measure of the number of neutrons 
produced* i n another method neutrons are detected i n a 
large cadmium loaded l i q u i d s c i n t i l l a t i o n counter 

4 
surrounding the sample* 

Two theories for reaction mechanisms have been developed 
from experimental data* The f i r s t , the compound nucleus 
theory, was developed by Bohr 6 from h i s l i q u i d drop model 
of the nucleus* i n t h i s the interaction between neighbouring 
p a r t i c l e s i s regarded as being very strong and thus the 
mean fr e e path of a nucleon i s very short compared with 
nuclear dimensions* The incoming p a r t i c l e shares i t s energy 
with the en t i r e nucleus so forming the compound nucleus* 
This may decay through one of a number of differen t channels* 
by photon , p a r t i c l e , o r photon and p a r t i c l e emission* since 
the process i s i n two d e f i n i t e stages the compound nucleus 
i s considered to have 'forgotten' i t s mode of formation 
and subsequent decay i s thus independent of t h i s * The 
angular d i s t r i b u t i o n of p a r t i c l e s emitted should be 
isotropic* 

Weisskopf and Ewing s u c c e s s f u l l y developed t h i s theory 
into the s t a t i s t i c a l theory which, to be s t r i c t l y applicable, 
requires that the Incident energy of the incoming p a r t i c l e 
should be s u f f i c i e n t to l i f t the excitation of the compound 
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nucleus Into the energy l e v e l continuum which* having many 
possible s t a t e s , allows a s t a t i s t i c a l treatment to be 
applied. 

i n the second approach, the d i r e c t interaction process, 
the individual nucleons are considered to in t e r a c t only 
very weakly and the nucleon mean free path i s of the order 
of nuclear dimensions (as i n the s h e l l model for nuclear 
s t r u c t u r e ) . Hence the incoming p a r t i c l e r e a c t s with only 
one or a few nucleons any of which may then be d i r e c t l y 
emitted. most of the energy and angular momentum 
of the incident p a r t i c l e i s transferred d i r e c t l y to the 
emitted p a r t i c l e and therefore an anisotropic d i s t r i b u t i o n 
(strongly peaked i n the forward direction) i s obtained. 
This reaction i s thought to take place near the surface of 
the nucleus since i t i s here that the chance of the p a r t i c l e 
escaping before undergoing a second c o l l i s i o n i s highest. 

Together these very d i f f e r e n t mechanisms account f o r 
a wide range of reaction phenomena. i n an attempt to 
reconcile these independent and c o l l e c t i v e approaches the 
optical model has been developed. This t r e a t s a nuclear 
reaction i n analogy with the propagation of l i g h t through 
a p a r t i a l l y absorbing medium. The model involves the 
inte r a c t i o n of the incoming p a r t i c l e wave with a complex poten­
t i a l . The r e a l part of t h i s gives e l a s t i c scattering which 
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describes a single p a r t i c l e behaviour, while the imaginary 
part attenuates the incident wave and i s d i r e c t l y associated 
with the mean free path of the incident p a r t i c l e i n the 
nucleus. From the l a t t e r , compound nucleus and d i r e c t 
interactions are derived. 

The f i r s t large experimental survey made i n t h i s f i e l d 
7 

using activation techniques was that of Paul and Clarke. 
These workers measured (n,p), (n, <x ) and (n,2n) reactions 
f o r 57 elements using 14.5 Key neutrons from the l$r reaction. 
The resultant a c t i v i t i e s were determined by |3 - p a r t i c l e and 
^ - r a y detection, reliance being placed on h a l f l i f e 
determinations to analyse decay curves. 

Comparison was made with the s t a t i s t i c a l compound 
g 

nuoleus theory of Weisskopf and Swing which has been outlined 
above; t h e i r values below a mass of A ^ 70 were found to 
be within a fa c t o r of 9 but above A or 70 the discrepancy 

208 
rose to up to a factor of 100 (1600 for Pb). Paul 
and Clarke suggested a d i r e c t interaction mechanism to 
explain the disagreement between experimental and theoretical 
values. 

Later,more accurate work than that of Paul and Clarke, such 
8 9 10 

as that by Blosser et a l . • and Levkovskii et a l . who used 
radiochemical techniques to i s o l a t e the isotope under 
investigation and more quantitative counting techniques, 



T 

revealed that the discrepancy between experiment and theory at 
the heavier masses was not as large as that found o r i g i n a l l y * 
However, from purely compound nucleus considerations, the 

11 
difference was s t i l l s i g n i f i c a n t . Brown and Muirhead 
calculated contributions from the compound nucleus model 
and d i r e c t interaction model and showed that the sum of these 
for (n 9p) reactions agreed within a f a c t o r of 3 with most 
of the l a t e r measurements. 

Since 1960 a considerable amount of work has been ca r r i e d 
out on f a s t neutron induced reactions. Compilations of 
data have been made by a number of workers including ( a t 14 Mev) 
Gardner for (n,p) reactions. Chatter3ee ' for (n,p), 
(n,d), (n,t) and (n, oe) reactions, Bormann 1 6 f o r (n,Sn) 

16 17 
reactions and Neuert and Pollehn. L i s k i e n and Paulsen 
have collected and reviewed single points and excitation 
functions f o r (n,p), (n, ec) and (n,2n) reactions i n the 
energy range 1 to 20 MeV. 

These l i s t s show d i s p a r i t i e s i n reported values much 
larger than the reported errors and also that many gaps 
e x i s t i n the data. Discrepancies may a r i s e i n neutron f l u x 
determinations and absolute counting of individual a c t i v i t i e s ; 
also much of the work has been c a r r i e d out without chemical 
i s o l a t i o n of reaction products* Generally the nuclides 

v-energy distinguished by h a l f l i f e and p and were 
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determinations* Many measurements have "been made r e l a t i v e 
to reference reactions which themselves may not have been 
accurately determined* E x c i t a t i o n functions may be i n 
error i f they have been normalised to a single point 
determined by some other worker* 

Nevertheless, d e f i n i t e trends have been noticed i n the 
value of cross-sections* L e v k o v s k i i 1 0 , and;: later,. 

12 
Gardner 7 pointed out that f o r (n,p) and (n.oc) cross-sections 
at 14 Mev the cross-section of each suceedlng isotope of any 
element was about one h a l f the value of the proceeding isotope 
(Levkovskii trend). Gardner also noticed that a semi-log p l o t 
of (n,p) cross-section values against mass number seemed to l i e 
p a r a l l e l , equally spaced, st r a i g h t l i n e s , one f o r each element. 
He derived a semi-empirical equation to predict the (n,p) 
cross section for any isotope from the s t a t i s t i c a l model* 
The r e s u l t s agree with observation i n a number of cases. 

18 19 
ChatterJee ' plotted (n,p) and (n.oc) cross-section 

values against proton and neutron number of the r e s i d u a l n u c l e i 
and showed the existence of minima i n the cross-sections 
i n a l l the major proton s h e l l closure positions and 
subsidiary minima i n proton subshell closure regions. The 
minima due to neutron s h e l l closures were l e s s obvious* 
The s h e l l theory also suggests that the presence of unpaired 
nucleons might a f f e c t the values of the cross-sections; t h i s 
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was noted by Gardner 9 and chatter jee. A s i m i l a r 
i s 

analysis has been carried out by Bormann f o r (n,2n) 
reaction cross-sections; the e f f e c t s of closed neutron 
s h e l l s were observed* 

More recently with the higher fluxes available from 
modern machines attempts have been made to detect, and estimate 
the cross-sections,; of .the r a r e r reactions such as (n»t), 
(n, He) a n d (n, °c n) which have cross-sections i n general 
of a m i l l i b a r n or l e s s * Only a few cases of these can be 
measured by the activation method and then i n most cases only 

22 
upper l i m i t s have been quoted. Heinrich and Tanner and 

23 
poularlkos and Gardner on the other hand have both measured 
(n,t) cross sections by counting the r e s u l t i n g tritium* 

The purpose of t h i s work,therefore, has been to improve 
on the accuracy of previous determinations by taking 
greater care with neutron f l u x determination and absolute 
counting techniques; chemical separations were carried out 
when necessary* some cross-sections have also been measured 
which do not appear to have been previously reported* 

The cross-sections f o r two widely used, reference 

reactions have been determined by the associated p a r t i c l e 

method ( t h i s i s described l a t e r ) * Measurements were also 

made on two (n,t) reactions f o r which only upper l i m i t s had been 

previously reported. 
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An attempt was made to investigate (n, p a r t i c l e ) c ross 
sections a t 2*5 Mev neutron energy using neutrons from 

s s 

the h (d,n) He reaction* unfortunately the conditions 
necessary f o r good energy resolution r e s u l t i n a very low 
neutron f l u x and the small cross-sections generally found 
i n t h i s energy region made the induced a c t i v i t i e s too weak 
to measure with present equipment. 



I I 

CHAPTER 8 

part 1. General methods of neutron production ana, f l u x 
measurement» 

The value of a nuclear reaction cross-section v a r i e s , 
often very rapidly, with energy of the "bombarding neutrons 
and therefore the study and measurement of nuclear reactions 
requires a source of neutrons as nearly monochromatic as 
possible. 

The simplest neutron sources are the radioactive type 
i n which neutrons are produced "by ( OL , n) or ( y^n) processes* 

223 210 
I n the f i r s t an <*--emitter such as Ra or Po i s Intimately 
mixed with l i g h t elements such as "beryllium or "boron. 
The neutron spectra from these sources 4t!fecomplex and neutrons 
with energy up to 12 MeV are present. The second type are 
monoenergetic having neutron energies up to about 1 MeV; 
they are usually formed "by surrounding an intense y-source 
"by "beryllium or deuterium. Both of these types have "been 
displaced from use to some extent "by other methods which 
give a higher neutron i n t e n s i t y ; they are retained since 
they are excellent neutron f l u x standards!, have a constant 
output, and are very compact. 

Nuclear reactors supply very high fluxes of neutrons; 
up to l O ^ n cm - 2s~ 1 over the f i s s i o n spectrum. These can he 
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thermal 1 aed I n a thermal column or certa i n energy regions 
may he selected using c r y s t a l d i f f r a c t i o n (0*01 - 10 ev) 
or slow (10 - 0.2 ev) and f a s t (1 ev - 10 key) chopper 
techniques. 

intense, almost monoenergetic,beams of f a s t neutrons 
can he produced from accelerators using one of the following 
reactions: 

3H (p,n) 3He Q « - 0.764 MeV 
7 L i (p,n) 7Be Q » - 1,645 MeV 
% (d,n) 3He Q « + 3.866 MeV 
H (d,n) ^ e Q s +17.686 MeV 

The energy resolution of the neutrons produced "by t h i s method 
i s affected by the factors described "below. 

Any energy spread of the primary beam of the accelerator 
w i l l cause a corresponding v a r i a t i o n i n the energy of the 
neutrons produced. Linear accelerators (cockeroft-Walton 
and van der Graaff types) give more nearly monochromatic 
"beams than cyclotrons. The number of molecular ions 
(such as Hjj-:) i n the primary beam must be reduced as these 
w i l l give neutrons of dif f e r e n t energy to those produced 
by protons and deuterons. A si m i l a r , but la r g e r , e f f e c t i s 
the l o s s of energy of the primary beam i n the target; neutrons 
can possibly be produced by p a r t i c l e s from the maximum to 
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minimum energy* The r e l a t i v e e f f e c t of these l a reduced 
the higher the Q value of the neutron producing reaction and 
the lower the energy of the primary beam. 

Geometry factors are also usually f a r from id e a l ; the 
neutrons are produced from a non-point source, and the 
sample subtends a large angle at the source to take advantage 
©f the neutron f l u x available* Samples and detectors are 
often placed at 90° to the incident beam where varia t i o n 
of energy with angle I s greatest but where the actual energy 
spread i s a minimum* 

Neutrons are scattered and degraded i n energy by 
surrounding supporting materials and therefore these should 
be kept to a minimum and the target placed as f a r from 
walls as possible* Secondary neutrons may be produced by the 
primary beam s t r i k i n g accelerator components and contaminants 
of the target* With low energy primary beams t h i s i s 
a small e f f e c t except I n the cases of deuterium build up i n 
a target bombarded by deuterons; t h i s w i l l give r i s e to 
3 Hey neutrons* 

The SH (p»n) reaction i s used to produce neutrons 

up to an energy of 6 Mev and has la r g e l y displaced the 
7 7 
L i (p»n) Be reaction f o r t h i s energy range since the l a t t e r 

has two groups of neutrons; the second a r i s e s from an 
excited state of 7Be. ji»t above i t s threshold (1.019 Mev) 
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s s 

the H (p»n) He reaction also has a second group of neutrons 
caused "by centre of mass motion at the compound nucleus* 

The 3H (d >n) 4He and*H (d.n) 3He reactions are those most 
widely used since they have large p o s i t i v e Q values and are 
thus available to low energy accelerators (150 kv)» The 
f i r s t i s used i n the range 10 to 40 Mev and the second from 
1 to 14 Mev. 

Deuterium and tr:mim targets may he e i t h e r gaseous or 
may he absorbed into a t h i n l a y e r of titanium* Heavy i c e . 
DgP0 4 and NaOD have also "been used f o r deuterium* 

Above 60 Mev, neutrons may he produced by stripping high 
energy dwuterons i n l i g h t element targets such as 
"beryllium* 

Absolute determination of neutron f l u x 
Since neutrons cannot be detected d i r e c t l y , f a s t neutron 

fluxes are usually determined by one of the following methods; 
the proton r e c o i l method, the associated p a r t i c l e method* o r 
by the use of r e l a t i v e or secondary methods* 

I n the proton r e c o i l method a t h i n hydrogenous radiator 
i s placed i n the neutron beam and the r e c o i l i n g protons 
counted by a v a r i e t y of methods* These include proton 
r e c o i l telescopes and p l a s t i c s c i n t i l l a t o r s * At the energies 
of i n t e r e s t here c o l l i s i o n s between neutrons and protons 
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are mainly e l a s t i c and therefore the scattering cross section 

can he determined "by a transmission method. 

By arranging the sample and monitor to subtend known 
s o l i d angles at the source the neutron f l u x through the 
sample may be daduced from the proton count using known 
neutron angular di s t r i b u t i o n s . The method assumes a fixed 
point source and also (since the s o l i d angles must be accur­
ately determined) a good geometrical arrangement with large 
sample - target and monitor - target distances. This also 
reduces the e f f e c t of a f i n i t e source s i z e and f i n i t e sample 
thickness. 

I n the associated p a r t i c l e method the secondary r e c o i l 

p a r t i c l e from the nuclear reaction producing the neutrons i s 

counted within a known s o l i d angle from which the number of 

neutrons passing through the sample, also subtending a known 
s o l i d angle, may be calculated (since neutron and r e c o i l 
p a r t i c l e distributions are known). Neutron fluxes at 14 MeV 
have been determined(by counting 3 MeV r e c o i l - p a r t i c l e s from 
the SH (d,n) 4He reaction)by Paul and Clarke 7 (using a 

OA 

proportional counter) and cevolani and P e t r a l i a (using a 
semi-conductor counter). A v a r i a t i o n of t h i s method has 
been developed i n t h i s laboratory by Hemingway et a l ^ 5 i n 
which OL - p a r t i c l e s from the H (d,n) He r e a c t i o n are trapped 
i n aluminium f o i l s which are then dissolved releasing 
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the helium, the volume of which i s determined ( 1 0 " ml)» 
As i n the proton r e c o i l method the sample must he i r r a d i a t e d 
i n conditions of good geometry to minimise errors due to 
the f i n i t e s i z e of the neutron source and the thickness of 
the sample* 

The r e l a t i v e and secondary methods are most widely used 
i n the determination of fluxes* The cross-section of almost 
any neutron induced reaction, once measured using one of 
the above methods, can provide a secondary means of 
measuring fluxes* Relative f l u x measurements can always 
he made using a neutron detector of which the e f f i c i e n c y i s 
not known* 

The cross-sections most widely used i n the 14 MeV region as 
monitors are; 

These materials may he i r r a d i a t e d with the sample as 
a sandwich with monitor f o i l s on eithe r side of a sample f o i l 
or as a homogeneous mixture when the monitor and sample are 
i n powder or granular form. The iron monitor lends I t s e l f 
to the l a t t e r method since i r o n may he r e a d i l y separated from 
a hulk sample by magnetic means* The homogeneous method 

66. pe (n,p) °°Mn 
;Gu (n,2n) 6 2Cu 

( t i b 156 m) 
10 m) 

( t i = 14.85 h) 

63 

^ k l (n,«.)2*N a 
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allows the sample to he I r r a d i a t e d close up to the neutron 
source thus making f a l l use of the available f l u x which i s 
e s s e n t i a l i n the determination of reaction cross-sections 
which are small or give r i s e to long l i v e d products* 

Relative counter methods are used most widely at the 
low energy end of the f a s t neutron range where neutron cross-
sections are normally low. Of the wide v a r i e t y of counters 

g 
the f i s s i o n counter and the L i I (Eu) s c i n t i l l a t i o n 
c r y s t a l have been most frequently used, 

i n the f i r s t ; t h e sample i s irradiated i n close proximity 
to a layer of 2 3 5 u on the i n s i d e surface of an ionisation 
chamber and the f l u x obtained from the number of f i s s i o n 
fragments thus counted. This method has been used by 
johnsrud et a l ? 6 up to an energy of 4 Mev; the counter used 

27 
was calibrated using thermal neutrons. Barry has also 
used t h i s method from 1.6 to 14.7 MeV the c a l i b r a t i o n being 
made by the associated p a r t i c l e method at 14.1 Mev. 

I n the second,a t h i n c r y s t a l of L i l ( E u ) has been used 
to count o L - s c i n t l l l a t i o n s from the 6 L i (n,t) ̂ He reaction; 
the cross section was measured by the associated p a r t i c l e 

28 method. This method has been developed by Kern and Kreger 
over the range of 2 to 20 MeV. 
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Part 2. Actual methods uaefl for neutron production and 
f l u x measurement 

The high fluxes of almost monoenergetic neutrons used 
i n t h i s work were produced using the reactions 

3H (d,n) *He + 17.586 MeV 1 

fo r neutrons of 14 HeV energy, and 

2H (d,n) 3He + 3.266 MeV 2 

for 3 Mev energy. Denterons of several hundred kev energy 
were incident on targets of titanium t r i t i d e or titanium 
deuterlde respectively* 

The excitation function of reaction (1) r i s e s to a "broad 
resonance of about 5 barns at 110 kev incident deuteron 
energy, and up to an energy of about 600 kev the reaction 
may be regarded as iso t r o p i c i n the centre of mass co-ordinates. 
Since neutrons are produced by deuterons of energy from 
zero to the maximum, the optimum bombarding energy i s a 
l i t t l e above 110 kev, because, although a greater neutron 
y i e l d i s obtained with an increase i n deuteron energy, as 
more of the target becomes available the energy spread of the 
neutrons produced i n the forward di r e c t i o n also increases* 

For the second reaction the excitation function increases 
30 

smoothly with energy but has a value of only 70 mb at 
400 kev and therefore to obtain a reasonable neutron y i e l d 
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the maximum available bombarding energy must be used. The 
reaction i s also anisotropic being peaked forward and back 
i n the centre of mass system. Graphs of the v a r i a t i o n of 
neutron energy with laboratory angle for various incident 
deuteron energies are shown i n F i g * 1* 

Suitable beams of deuterons were produced at Durham with 
a 200 kV Cockoroft-Walton accelerator b u i l t by professor Q*R. 
and Mrs. M a r t i n , 3 1 and at Canterbury with a S*A*M*E*S* (Societe 
Anonyme de Machines liilectrostatiques) 400 kV ;"t! type 
accelerator* 

a) Durham Machine 
A schematic arrangement of the Durham machine i s shown 

i n Fig* 2* Power from the mains supply (250 V, 60 c/s) 
i s fed v i a a 100 kv peak transformer to the voltage 
Quadrupling c i r c u i t and thence to the accelerating tube* 
Deuterons are extracted by a voltage of several kV from a 
radio-frequency ion source and then accelerated through 40 kv 
at the focusing gap* They are then further accelerated by 
two accelerating gaps and f i n a l l y s t r i k e the target block at 
the end of the d r i f t tube* This machine was used to 
produce 14 Mev neutrons the deuterons being accelerated to 
160 kev; with a beam current of 200 u, A y i e l d s 
of up to several times 10 neutrons per second were produced* 
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b) 8.A.M.E.S. Machine. 

The S.A.M.E.S. machine i s depicted i n F i g s . 3 and 4. 
Pig. 3 shows the p r i n c i p l e of the e l e c t r o s t a t i c generator 
which i s an 'insulating c a r r i e r ' type, converting mechanical 
energy d i r e c t l y into d.c. high voltage e l e c t r i c a l energy by 
the transfer of charge against the e l e c t r i c f i e l d . 

A hollow cylinder made of insulating material, the rotor, 
i s driven by an e l e c t r i c motor to eff e c t the transfer of the 
charges. These are deposited or withdrawn from the rotor 
by thin metallic blades, i o n i s e r s , placed i n close proximity 
to the outer surface of the rotor. curved p l a t e s , inductors, 
are placed near the inner surface of the rotor which induce a 
strong e l e c t r i c f i e l d i n the sharp edge of the ion i s e r . To 
reduce any l o c a l concentrations of the e l e c t r i c f i e l d a g l a s s 

312 

(10 ohm-cm) cylinder i s plaeed between the inductors and 
the rotor. The complete sealed u n i t , generator and motor, 
i s f i l l e d with hydrogen at 10 - 25 atmospheres which has exc­
e l l e n t i n s u l a t i o n properties combined with a high ion mobility. 

The charging ioniser i s set at a high negative voltage, 
up to -30kv, by the e x c i t e r u n i t which causes p o s i t i v e l y 
charged ions to flow from earth to be deposited on the rotor. 
These are then transferred against a tangential e l e c t r i c f i e l d 
to the discharging i o n i s e r and thence to the high voltage 
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The generator voltage i s regulated by means of a feed­
back loop by the output voltage of the excitation unit such 
that the generator current, which i s proportional to the 
density of the ions deposited on the rotor, i s equal to the 
current required by the accelerator thus maintaining a 
constant terminal voltage. A va r i a t i o n of output voltage 
of l e s s than 1% i s quoted by S.A.M.E.S. for our medium 
s t a b i l i t y machine. 

Deuterons from the R.F. ion source are again extracted 
through a narrow canal by a 3kV potentgtl, focus; ed, and then 
accelerated down the eight gap constant f i e l d tube. They 
are further focus:ed by an e l e c t r o s t a t i c quadrupole lens 
before passing down the d r i f t tube to the target block. At 
the centre of the d r i f t tube i s a diaphragm with a 2.5 cm 
diameter aperture. The r a t i o of the measured beam current 
s t r i k i n g t h i s to that s t r i k i n g the target block serves as an 
indication of the focusping of the beam. A second diaphragm 
with a larger aperture placed immediately behind the f i r s t 
and set at -150v acts as a suppressor to the secondary 
electron current from the target. 

The minimum accelerating voltage at which the machine 
has been found to run s a t i s f a c t o r a r i l y i s 220kV. With t h i s 
setting and a beam current of 1mA a y i e l d of up to 
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10 5 x 10 14 Mev neutrons per second has "been achieved. 

Q 
A y i e l d of 7 x 10 neutrons per second has "been obtained for 
3 Mev neutrons using the f u l l 400 kv acceleration and 1 mA 
beam current. 
c) Targets. 

The titanium t r i t i d e (TRT5) and deuteride (DBT6) target 
d i s c s were obtained from the Radiochemical Centre, Amersham. 

—2 
The titanium l a y e r of about lmg cm thickness i s obtained 
on a thin copper backing d i s c of 2.5 cm diameter. When 
loaded with t r i t i u m or deuterium, an atomic r a t i o (H/Ti) equal 
to or greater than one i s obtained; t h i s corresponds to 

—2 -2 0.23 ml cm or 0.6 curies cm f o r tri t i u m . For convenience, 
each di s c was divided into four segments which were bombarded 
separately. The segments were soldered on to water cooled 
metal blocks to keep the temperature below 240°C during an 
ir r a d i a t i o n ; above t h i s temperature titanium hydride di s s o c i a t e s . 

The various types of target assembly used are i l l u s t r a t e d 
i n Figs. 5, 6, 7 and 8. The Durham target blocks were of 
brass and were f i t t e d with a molybdenum shutter with which 
the deuteron beam could be stopped. For the S.A.M.E.S. 
machine a power dissipation of 200 - 400 watts was involved 
and therefore the target blocks were made from copper and the 
cooling water arranged to flow close to the segment. The 
separation between the segment and ir r a d i a t e d sample was kept 
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down to 2 mm to enable f u l l use to be made of the neutron 
f l u x available. i n S.A.M.E.S. own target design cooling 
water i s passed across the hack of the target d i s c which 
increases the segment - sample separation to 5 mm; the amount 
of scattering material i s also increased. The target shown 
i n F i g . 8 was used to i r r a d i a t e samples "between 96° and 145° 
with 3 Mev neutrons. Here the d r i f t tube wall was made thin 
to reduce the amount of scattering material near the samples. 

The target blocks were a l l s i t e d at the centre of the 
target chamber as f a r away from the concrete walls and other 
scattering materials as possible. Such materials increase 
the f l u x of scattered, degraded neutrons i n the v i c i n i t y of 
the sample. 

d) Neutron Flux Measurement. 
The absolute neutron fl u x e s produced by both reactions 

have been measured using the associated p a r t i c l e technique. 
For the T(d,n) 4He reaction oc-particles were counted whilst 
f o r the D(d,n) He reaction, protons from the other branch of 
the D + D process, the D(d,p) reaction, were counted. The 
branching r a t i o of t h i s process has been measured by Preston 

30 - • 
et a l . and found to be approximately one at these energies. 

A s i l i c o n semiconductor detector was mounted i n the d r i f t 
tube i n such a way that the whole target area was 'seen* by 
the e f f e c t i v e counting area of the s i l i c o n . Charged p a r t i c l e s 
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from the target i n an accurately measured s o l i d angle at 175° 
to the incident deutexon beam were measured. 

The counter used was an OSTEC Model No. SBDJ007 - 60 
which i s of the s i l i c o n surface h a r r i e r type described hy 

33 
Dernaley and Whitehead ;. A cross sectional view of the 
device i s shown i n F i g . 11. The sensitive surface i s coated 
with a thin l a y e r of gold. The c i r c u l a r s i l i c o n wafer i s 
mounted i n a ceramic ring of which the back and front surfaces 
are metallised. The front surface of t h i s insulator i s 
grounded to the metal case whilst the rear surface i s 
connected to the centre electrode of a standard Microdot 
mlnature connector which serves as the signal output and b i a s 
voltage connection. 

The counter i s made of n - type s i l i c o n having a 
© 

r e s i s t i v i t y of 900 ohm-cm and an active surface of 7 mm . 
At the maximum applied voltage of 50v the depletion depth i s 
110 microns which w i l l t o t a l l y absorb the energy of a 14.5 Mev 
OL - p a r t i c l e , a 3.43 Mev proton or a 0.153 MeV p - p a r t i c l e . 
An energy resolution of 0.7% i s claimed by the manufacturers 
fo r 5.5 Mev o c - p a r t i c l e s fromoithin 2 4 1 ^ source i n vacuo. 

The assembly used to mount the counter i n the d r i f t 
tube i s shown i n Fi g . 10. After the rapid deterioration i n 
performance experienced with unprotected s o l i d state 
detectors made i n the laboratory i t was considered advisable 
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to protect the ORTEC detector from vacuum pump o i l I n the 
accelerator. This was achieved hy covering the defining 

—2 
aperture to the counter with either lmg cm Melinex or 

—2 
0.15 mg cm VYNS windows, and also by placing a few grams 
of activated charcoal at the entrance to the counter c e l l . 
The defining aperture was a 1 mm diameter hole d r i l l e d i n 
20 mg cm*"*' polystyrene sheet; the diameter was accurately 
determined by comparison with a ruled graticule on a 
microscope. The window and aperture f o i l were glued to a 
f l a t area on the brass cover using 'Evostick 1 adhesive. The 
distance from the counter aperture to the target block was 
about 50 cm for the Durham machine and 70 cm fo r the S.A.M.E.S. 
machine; these distances gave s o l i d angles subtended at the 

—5 —5 counter of 4 x 10 steradians and 2 x 10 steradians 
respectively. 

The block diagram of the counter c i r c u i t i s shown i n 
Fi g . 12. For s o l i d state counters voltage amplification of 
the signal has the disadvantage that the dependence of the 
detector capacity, C^, on the applied bias voltage leads to 
a corresponding bias dependence of the output signal voltage. 
I f the charge collected i s Q, and the to t a l capacity, C T, equal 
to the sum of C D and C Q (the stray capacity) the voltage 
signal i s Q/C^. In the charge sensitive preamplifier with 
a capacitlve feedback loop (see F i g . 13) the output pulse s i z e 
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i s independent of the "bias. I f G Q i s the open loop amplifier 
voltage gain and CL. the feed hack capacitance, the output 
voltage i s now - Q/Cp which i s independent of C T provided 
GqCj, i s much more than G T. I n general G Q i s of the order 
of 1000 while Cg and have a value of several pp. A low 
noise charge se n s i t i v e preamplifier was "built to the design 

34 
suggested by Chase et a l . ) >• This c i r c u i t employs 5 R.C.A. 
type 7686 Nuvistor triodes which have a low tube capacity and 
good anti-microphonic q u a l i t i e s . A screened cascode f i r s t 
stage i s followed by a long-tailed-pair whilst the output i s 
driven by a cathode follower. The bias voltage was supplied 
by two 30v Everready 5123 b a t t e r i e s connected i n se r i e s 
through a potentiometer to the counter. 

The counter has been operated at main amplifier settings 
of 0 - 4 dB with equal integration and d i f f e r e n t i a t i o n time 
constants of 3y<-s and s c a l e r p a r a l y s i s settings of 10 and 50 JA 

the output signal i s then of the order of 20v i n amplitude. 
The applied bias was adjusted between 0 and 30v depending on 
the p a r t i c l e s being counted according to the p a r t i c l e range/ 
bias relationships obtained from the nomogram of Blankenship ". 
F i g . 14 shows a graph of the v a r i a t i o n of pulse height with 
bi a s for 0.8 MeV oC-particles or 2.5 MeV protons obtained 
from the D,T and D,D reaction respectively a f t e r passing 

—2 
through the 1 rag cm window. As can be seen the •x.-particle 
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pulse height rapidly saturates at 3v "bias whilst the longer 
range of the proton requires a Mas of 30v f o r saturation. 

A resolution of 1.22% was obtained f o r 5.31 MeV 
210 

ot - p a r t i c l e s from an uncollimated weightless source of P Q 

—2 

counted i n a vacuum through an 0.15 mg cm VYNS window. 
Fig . 15 and 16 show t y p i c a l spectra obtained with the counter 
on the accelerators. F i g . 15 shows the proton spectrum from 
the D,D reaction (bias 25v) the protons passing through a 

—2 

1 mg cm Melinex window. 0.6 Mev t r i t o n s from t h i s 
reaction and 0.3 Mev He p a r t i c l e s from the accompanying 
D(d,n) He reaction have i n s u f f i c i e n t energy to penetrate 
t h i s window. The high energy t a i l of the proton peak i s 
produced by protons from the reaction induced by deuterons 
of lower energy reacting deep i n the target. F i g . 16 a and 
b show oC-spectra from the D,T reaction. The f i r s t was 

—2 
taken with a bias of 25v and a 1 mg cm window and the 
second with a bias of 2v and an 0.15 mg cm"2 w i n d o w * * n 

both cases the °l-peak has a smaller peak on the high energy 
side caused by d| ions Inducing the D,T reaction. These 
spectra also show the proton peak from the D,D reaction 
caused by the build up of deuterium i n the target. With a 

—2 
1 mg cm window the proton peak i s always above the ot-peak 
even at zero applied bias while with the thinner window the 
pulse height of the protons only approaches that of the <*.- peak 
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at 30v bias. For measurements of neutrons from the D,T 
reaction a thi n window and low bias setting were therefore 
used; the discriminator l e v e l could then he set above the proton 
peak. 

When the s o l i d state counter was not used the v a r i a t i o n 
of neutron f l u x was monitored using a proton r e c o i l 
s c i n t i l l a t i o n counter placed i n the target chamber. The 
var i a t i o n of neutron f l u x during an i r r a d i a t i o n must be 
known,for i t i s nee^essary to make corrections for the rate 
of formation and decay of the various a c t i v i t i e s induced 
during the i r r a d i a t i o n . The ORTEC or s c i n t i l l a t o r monitor 
counts were recorded at time i n t e r v a l s short compared with 
the h a l f - l i f e of the shortest l i v e d species under"con­
sideration. 

c) Performance of targets 
The y i e l d of neutrons from tritium targets was found to 

f a l l with time as the tritium was l o s t from the heated surface 
or displaced by deuterium. I t i s hoped that t h i s drop i n 
y i e l d may be reduced by the use of erbium t r i t i d e targets 

36 37 
suggested by Redstone and Rowland and Large and H i l l ; 
at S.E.R.L.. These have a higher maximum operating 
temperature (540°c) than that of the titanium t r i t i d e targets. 
As a target ages the accumulation of deuterium w i l l cause 
the proportion of lower energy neutrons to the to t a l number 
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of neutrons to increase. Many of the reactions studied at 
14 Mev have thresholds above 3 MeV and therefore D,D neutrons 
did not often present a problem. 

The neutron y i e l d from a fresh TiD target was found to 
drop i n i t i a l l y before l e v e l l i n g off at about h a l f the i n i t i a l 
value after two hours bombardment at 500 yiA. I t was found 
that an improvement i n y i e l d was obtained by rubbing the 
target s u r f a c e gently with t i s s u e ; t h i s suggested that the 
f a l l was caused to some extent by surface contamination. 

Before leaving Durham the p o s s i b i l i t y of using s e l f 
loading targets f o r D,D neutron production was investigated. 
Discs of copper, zinc, brass, gold plated copper and gold-
palladium- gold plated copper were soldered i n turn on to the 
accelerator target holder with Wood's metal. Each di s c was 
bombarded at 165 kev with a beam current of 100 JKA f o r about 
two hours. The production of 3 MeV neutrons was monitored 
by counting protons as already described. i t was found 
that the y i e l d at saturation and the time to reach saturation 
varied from material to material. The values obtained are 
shown i n Table 1. 
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Table 1. 

Target 
material 

n/sec/ jJLA Time to reach 
saturation 

(min) 

Au 
Au/Pd/Au 

Cu 
Zn 

Brass 
(DTi) 

4.0 x 10* 
3.7 
1.2 
3.7 
2.9 

(2 x 10 5) 

50 
50 
90 
30 
30 

The value f o r deuterated titanium (DTi) i s an estimate 
from work ca r r i e d out at Canterbury. The r e s u l t s agree 
with those obtained by Fiebiger ] which show that gold gives 
the highest y i e l d for metals that have not been previously 
degassed but that t h i s was.; only about 50% of that from a 
DTi target. 



Part 3. Counting equipment used i n the determination 
of a c t i v i t i e s . 
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The absolute disintegration rate of sources of radio­
active nuclides are normally determined by 4 i r j 3 , 2 l f ^ 
or various coincidence counting methods. These techniques 
often require complex procedures which do not lend them­
selves to routine counting. i t i s usual therefore to use 
these primary methods to standardise a s e r i e s of sources 
which can then be used to c a l i b r a t e counters which are more 
convenient to use. 

This method has been employed here; the counters used 
included end-window gas-flow proportional counters, a l i q u i d 
sample Geiger Huller counter and various thallium activated 
sodium iodide ( N a l ( T l ) ) c r y s t a l -ray s c i n t i l l a t i o n 
detectors. Sources for the c a l i b r a t i o n were standardised 
using 41T |3 counting or 4 Tfj3 coincidence counting. 

a) 4 Tf|3-gas flow proportional counter 
A cut-away view of the counter i s shown i n F i g . 17. The 

upper and lower halves of the polished aluminium body were 
hinged at one side to enable the source to be inserted into 
the equatorial plane of the counter. An ' 0' ring clamped 
between the two halves acted as a gas s e a l . Two 0.001" 
tungsten wires each stretched across the diameter of one 
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17. 4tfp proportional counter. 
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counting volume between two Teflon insulators served as 
anodes. These were connected externally to the pre­
amplifier. 

The counter gas (a standard mixture of 90% argon and 
10% methane obtained from the B r i t i s h Oxygen Co.) was dried 
by passing i t through tubes containing s i l i c a gel and 
magnesium perchlorate then through a glass wool f i l t e r 
before allowing i t to flow through the counter at atmos­
pheric pressure. The flow rate was controlled by a needle 
valve and flow-meter and was usually about 0.7 ml sec 

A flow of l e s s than 0.3 ml sec could be shown to cause a 
count 

drop i n the*rate of a standard source. The electronic equip­
ment and gas flow system were i d e n t i c a l with that used for 
the end-window counter and ' i l l u s t r a t e d i n F i g . 20. The 
reproducibility and operating c h a r a c t e r i s t i c s of such a 

39 
counter have been investigated by Davis of t h i s laboratory. 
As i n h i s work the position and shape of the plateau obtained 
was found to vary with - s p e c t r a l shape but i n practice the 
operating voltage was i n the region of 1.6kV and the plateau 
length 200v. 

The source mounts were prepared from VYNS fil m (thickness 
—2 

about 10 - 15^/L g cm ) mounted on an aluminium ring 2.6 cm 
i n i n t e r n a l diameter and were coated on one Bide with about 
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—2 5 jK g cm of gold to render them conducting. To prepare 

a source, a drop of i n s u l i n solution (containing about 
1 mg i n s u l i n i n 10 ml d i l u t e hydrochloric acid) was spread 
over the central area of the f i l m and dried; t h i s prevented 
uneven deposition of the active solution which was then 
applied and evaporated to dryness. This method of source 

40 
preparation has "been f u l l y described by pate and Yaffe ,. 

b) End-window gas flow proportional counter 

A diagram of th i s counter together with the shelf 
holder for the source mounts i s shown i n F i g . 18. The 
c y l i n d r i c a l , hollow counter body was of polished brass 
through the top of which an anode loop was supported i n a 
Teflon insulator. This anode loop, f " i n diameter and made 
from Constantan wire (0.001 H diameter) was soldered into a 
fi n e n i c k e l tube and suspended f " above the counter window. 
Connection to the preamplifier was made by the usual Plessey 
connectors. For normal use the window of t h i s counter was 

—2 
of 1 mg cm Melinex f i l m . This i s a tough polyester f i l m 
aluminised on each side and thus having conducting surfaces. 
The windows were produced by c a r e f u l l y sandwiching a 2*' square 
of the f i l m i n the Jig shown i n Fi g . 19 and glueing the 
supporting ring to the fil m with a solution of ce l l u l o s e 
acetate ( B r i t f i x ) i n amyl acetate. A heavy weight was 
placed on the ri n g u n t i l the glue had set. On setting the 
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Mellnex f i l m was found to shrink s l i g h t l y thus leaving a 
window with a taut, unwrinkled surface. Some measurements 
were made using windows of 3 or 4 layers of VYNS fil m prepared 
as described for the 41T films; "being so thin (100 y*g cm'2) 
these were very f r a g i l e for normal use. 

The counter gas was c i r c u l a t e d at atmospheric pressure 
as already described for the 4 1f counter. The electronics 
and gas flow arrangement are shown i n F i g . 20 i n block 
diagram form. Amplifier and scaler settings for both t h i s 
and the 4 ft counter are set out below: -

Amplifier TYPE 1430 A 
with preamplifier type 1430 A 

Differentiation time 0.32^1 sec 
0.32 ji sec 
10 dB 

I n t e g r a t i o n time 
Attenuation 

Scaler TYPE 1009E 

Pa r a l y s i s time 
Discriminator l e v e l 

50 j i s e e 
16v 



The plateau obtained f o r t h i s counter indicated a 
working voltage of about 1.8 kv and had a length of 200v. 
The counter was enclosed i n a lead c a s t l e with l£ n walls 
and gave a back ground count rate of 9 to 12 counts per 
minute. 

The shelf holders, made from accurately machined Tufnol 
s t r i p , were set up on a j i g so that the shelf positions 
could be accurately reproduced i f the assembly were d i s ­
mantled, work on the reproducibility of t h i s method was 

41 
ca r r i e d out by East of t h i s laboratory. 

The sources, the preparation of which i s described 
below, were mounted on aluminium planchets ( B r i l h a r t 
Cat. No. 22F.A1, obtained from Nucleonic Accessories, 
Birmingham) and set i n a hole machined i n the centre of an 
aluminium s h e l f and backed with a square (5 cm x 5 cm) of 

—2 
1 g cm aluminium sheet. This acted as a saturation 
backscatterer for the source. 

c) Preparation of s o l i d sources. 

I f s o l i d sources were to be counted i t was convenient 
that the form chosen for p r e c i p i t a t i o n and source preparation 
should also be suitable for the gravimetric determination of 
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the chemical y i e l d . A standard mounting technique was 
also necessary to allow r e l a t i v e measurements to he made. 

Sources were mounted on glass f i b r e d i s c s (Whatman GP/A); 
before use these were washed with water, alchohol and ether 
( i n that order) and dried i n a vacuum dessicator. The 
d i s c s were then mounted on aluminium planchets (described 
above) and weighed to the nearest 0*01 mg using a Stanton 
semi-micro balance (Model MCIA). 

To prepare a source the weighed disc was supported on 
sintered polythene i n a demountable f i l t e r s t i c k . The 
int e r n a l diameter of the s t i c k was standardised at §" and 
thus f i l t r a t i o n of a s l u r r y of the source material gave a 
c l e a r l y defined area which was reproducible f o r any source. 
The source was then washed, dried and weighed as described 
f o r the mounts. The balance weights were accurate t o - 0.05 mg 
and the source weights were usually between 5 and 40 mg; the 
chemical y i e l d (assuming that the composition of the pre­
c i p i t a t e was accurately known) would therefore be determined 
with an accuracy of about ±1%. 

d) Liquid sample Geiger-Mttller counter 

A calibrated Milliard (MX 124/01) halogen quenched l i q u i d 
Geiger-MUller counter (Laboratory No.86) of 10 ml capacity 
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has been used to assay the p -disintegration rates of 
solutions containing Mn obtained from the Pe(n^p) Ma 

reaction which has been used as a reference cross section 
i n t h i s work. 

The advantages of using t h i s type of counter for the 
measurement of the reference a c t i v i t y are that they are 
simple to operate, the geometry and therefore the e f f i c i e n c y 
are i n t r i n s i c q u a l i t i e s and they do not t i e up more sophis­
ti c a t e d equipment which might be used to determine the 
a c t i v i t y of the isotope under investigation. The counter 
was also used to estimate the disintegration rate of l i q u i d 

31 
samples of S i for which i t was not convenient to prepare 
s o l i d sources. 
The tube was operated i n conjunction with a 110 A probe 
u n i t (NO.L97), with which i t had been previously calibrated, 
at a quench pulse time s e t t i n g of 500 sec. The probe 
had been previously modified to a Mullard s p e c i f i c a t i o n 
f o r use with halogen quenched counters by the ins e r t i o n of 
a 2.7 M-O- resistance i n s e r i e s with the input. The counter 
was found to have a threshold at 340V and a plateau length 
of some 100 v o l t s ; the slope was 0.07%/volt. The working 
voltage was taken as 400V. The e f f i c i e n c y of the counter 

so 

was checked p e r i o d i c a l l y with a standard Co solution and 

a Cs s o l i d source. I t was not found to vary outside 
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the expected s t a t i s t i c s . 

e) Crystal S c i n t i l l a t i o n Counters. 

Thallium activated sodium iodide ( N a l ( T l ) ) c r y s t a l s 
have "been used i n t h i s work for the detection of nuclides 
which emit y'-radiation. 

Light quanta from s c i n t i l l a t i o n events caused by the 
Interaction processes of the y-ray within the c r y s t a l f a l l 
upon the photosensitive cathode of a photo-multiplier tube 
placed i n optical contact with the c r y s t a l . Photoelectrons 
emitted from t h i s surface are incident upon the f i r s t 
electrode of a dynode chain which causes the signal to be 
amplified by electron multiplication down the chain. The 
signal at the output of the photomultiplier may be regarded 
as proportional to the amount of energy l o s t by the ^ - r a y 
i n the c r y s t a l . Set out below are the s i z e and type numbers 
of the three c r y s t a l s used,together with t h e i r photomultiplier 
tube numbers. 
Diameter Thickness 

3" x 3" 
l£» x 1" 
I f " x 2" 

(well-type) 

Nuclear Enterprises photomultiplier lype JMO-. ^ B.M.I. ) 

12/DM-2/12 9531 A 
6 D 4 6097 F 
7 P 8 6097 P 
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Since sodium iodide i s hygroscopic the c r y s t a l s are 
contained i n hermetically sealed aluminium cans (220mg cm A l ) . 
The r e l a t i v e positions of the c r y s t a l s inside these cans 
are shown i n F i g . 21. The space between the can wall and 
the c r y s t a l i s f i l l e d with packing material consisting mainly 
of aluminium oxide and neoprene which increases the thick­
ness of the window presented to the incident ^ - r a d i a t i o n . 

The smaller c r y s t a l s and phot©multiplier tubes were 
mounted i n l i g h t tight aluminium and brass tubes fabricated 
i n t h i s laboratory, while the 3" c r y s t a l formed part of a 
commercial assembly. 

As has already been stated,the output signal from the 
photomultiplier i s proportional to the energy absorbed by 
the c r y s t a l and therefore by l i n e a r amplification and pulse 
height analysis of the signal the complete spectrum of the 

radiation incident on the c r y s t a l may be obtained. A 
block diagram of the electronic equipment used for ^ -spec­
trometry i s shown i n F i g . 22. 

The amplifier gain and voltage settings depended on 
the ^energies of the spectrum under consideration; i n 
general gain settings were i n the range XO.jJ -> x 100 whilst 
the E.H.T. was set i n the region of 600v for the small 
c r y s t a l s and 800v for the large c r y s t a l . 



40 
I n general the spectrum of the nuclide to he Inves­

tigated was f i r s t recorded on one of the multichannel 
pulse height analysers; 100 channel type 1363 B or 512 
channel LABEN model A 51 - CT 45. The energies of the 
photopealcs of the spectrum obtained were i d e n t i f i e d by 
comparison with spectra, taken using the same settings, 
of nuclides with photopeaks of known energy which could 
be e a s i l y recognised; for example Na, Sb, Cs, Co, 

54 42 41 
and Mn. Published spectra from Crouthamel ; and Heath 
were also used for comparison and subsequent i d e n t i f i c a t i o n 
of the photopeaks. 

Having i d e n t i f i e d the photopeak, the decay of the 
nuclide was followed by s e t t i n g the upper and lower gates 
of a single channel analyser to include t h i s peak and then 
counting the number of events on a s c a l e r . Alternatively, 
i f the spectra were too complex, the complete spectrum was 
recorded p e r i o d i c a l l y during the decay using the multi­
channel analyser and the v a r i a t i o n of area under the photo­
peaks was then used to plot the decay curve. 

Sources for the f l a t c r y s t a l s were mounted i n a s i m i l a r 

way to that described for the end-window counter; the 

planchet containing the source was placed at the centre of 

an aluminium tray which was s l i d into a shelf holder attached 



Opt ica l . 
Window 

J > p e / 12/DM.-2/12 

0-032"Al 
Window 

NaKTI} Zr stal 

1 

F i g . 2 1 . T h r e v t y p e s of scint i l la t ion c r y s t a l s u s e d . 

S c a l e r 
r y p e 1 0 0 9 E 

S-Channe l 
?.n.A. 

T y p e N102 

K j l t i charne l 
A n a l y s e r 

E.H.T. Unit 
C R . 1 3 5 9 A 

C r v s t a l i 

?hotomultipik?r 

_L 

Amplif ier 
N . E . 5 2 0 2 

r C-follower 
5 2 0 2 A 
C-follower 

5 2 0 2 A 

Fig.22. Block d iagram of scintillation s p e c t r o m e t e r c i rcu i t . 



41 

to the c r y s t a l thus giving a standard, reproducible 
geometry. 

The e f f i c i e n c y of Nal(Tl) c r y s t a l s for ft - p a r t i c l e s 
i s not z©ro and i f these were detected they would deform 
the shape of the y-spectra. Therefore, s u f f i c i e n t 
aluminium absorbers were inserted between the source and 
c r y s t a l to prevent any |3-particles present from entering 
the c r y s t a l . 

Sources for the well c r y s t a l were mounted at the 
bottom of 5ml. semi-micro t e s t tubes which were inserted 

—2 
into a brass cylinder of l/Von wall (1.03 g cm ) which i n 
turn was placed inside the well of the c r y s t a l . The brasa 
cylinder was used to ensure complete absorption of the 
ft - p a r t i c l e s . 

The absolute disintegration rates of the sources were 
determined, where possible, by counting standard sources 
having photopeaks of s i m i l a r energy under i d e n t i c a l geomet­
r i c a l conditions. Where t h i s was not possible an estimate 
of the photopeak counting e f f i c i e n c y was made from published 

42 43 data; Crouthamel and Heath for f l a t c r y s t a l s and 
44 

Redon et a l . for the well c r y s t a l . 



f ) Coincidence counting equipment 

4:2 

During t h i s work 4ftfl/f , end-window f / f , and ^ 
coincidence methods have been used to determine the 
absolute disintegration rates of sources and to follow the 
decay of one nuclide i n the presence of others. A sodium 
iodide c r y s t a l was used as the detector for each of the 

Y -channels. 

A block diagram of the electronic equipment i s shown 
i n Fig. 23. Outputs from the single channel analysers 
and proportional counter main amplifier are fed into a 
1036 C coincidence unit. The count rate i n each of the 
single channels and the coincidence channel were recorded 
on scalers. 

The settings used on the coincidence u n i t and the 
geometrical arrangement of the counters are described i n 
sections where s p e c i f i c nuclides are discussed. 

g) Auxiliary Equipment 

In measurements involving the determination of short 
l i v e d nuclides a c r y s t a l o s c i l l a t o r timing unit was used to 
control the length of the i r r a d i a t i o n , a pneumatic transfer 
system, and a camera which was used to record s c a l e r readings. 
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The time f o r transfer from the i r r a d i a t i o n chamber to the 
counting room was 2.5 seconds. 

Part 4. COUNTER CALIBRATIONS 
it 

a) Calibration of the l i q u i d Geiger-Muller counter 

This counter had been previously calibrated by Martin 
45 

and Hemingway .; of t h i s laboratory. The c a l i b r a t i o n curve 
and data are presented i n Fig. 24 and Table 2. The pointc 
f o r ^"hf was determined i n the course of the present work by 
counting a 10 ml aliquot of a solution standardised by 4irj3 

56 
counting. The value f o r Mn i n aqueous solu t i o n was 
determined as described i n the section on neutron f l u * 
standardisation. As can be seen these points appear to 
f i t the previous c a l i b r a t i o n . The correction to convert 
the forbidden spectra end-point energy to an allowed 
equivalent was obtained from the paper by Bayhurst and 46 -Prestwood 



Table 2 
Calibration of l i q u i d counter (No. 86) 

Nuclide 

8 0 4 T 1 

8 9 S r 

9 h 

6 6
M n 

( i n standard acid 
mixture with 

0.5g Fe) 

Mn 

Mn 
( d i l . aq.. solution) 

Spectral Eamax allowed (Mev) Counter 
shape (weighted mean) e f f . ( % ) 

1 s t forbidden 0.860 0.796 

allowed 1.39 5.38 

1 s t forbidden 1.55 4.87 

1 s t forbidden 1.62 5.54 

allowed 1.708 6.37 

1 s t forbidden 3.22 11.92 

allowed 2.1 7.67 

allowed 2.1 7.88 

allowed 2.1 8.05 
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b) Calibration of the end-window counter 

The method of counter c a l i b r a t i o n proposed by Bayhurst 
46 

and Prestwood ,. was used here. The method depends on 
experimentally determining the relationship between the 
counter e f f i c i e n c y and the average energy of the beta 
p a r t i c l e . The relationship then eliminates the necessity 
f o r making separate corrections f o r self-absorption, back-
scattering, self-focussing etc. f o r each nuclide. 

Carrier-free solutions of high specific a c t i v i t y of 
the nuclides to be used were obtained either from the 
Radiochemical Centre, Amersham, or by i r r a d i a t i o n of the 
appropriate targets i n a reactor. Samples of each solution 
were weighed on to prepared VYNS 4fr f i l m s and t h e i r 
absolute d i s i n t e g r a t i o n rates determined by 4ff/3 counting 
or by coincidence techniques where applicable. 
A f u r t h e r weighed aliquot of each nuclide was added to a 
known weight of c a r r i e r of the element concerned and pre­
c i p i t a t e d by recommended gravimetric procedures. Sources 
of varying thickness were then prepared using the standard 
f i l t e r s t i c k method already described. Curves of source 
weight against counter e f f i c i e n c y were p l o t t e d f o r weights 
of source of 2 - 50 mg; three of these are shown i n Fig. 25. 
The average p -energy of each nuclide was calculated using 



the known maximum energy and a series of graphs given i n 
46 

the o r i g i n a l paper ; correction was also made f o r any 
f i r s t forbidden t r a n s i t i o n s , curves of average -energy 
against e f f i c i e n c y at various source weights were p l o t t e d . 
Two of these, f o r source weights of 5 and 40 mg are shown 
i n pig. 26 whilst the complete data i s presented i n Table 3. 
Prom these curves the e f f i c i e n c y of any nuclide f o r which 
the maximum |3-energy i s known can be found. For nuclides 
emitting more than one j& -group the effi c i e n c y i s found f o r 
each group and a weighted mean calculated. 

The nuclides used were 4 5Ca, 185W, 1 8 1 I , 2 2Na, 1 9 8Au, 
24„_ 91., 90„ 4 Na , 9 1Y, 9 0Y, and 4 8K. Of these the absolute d i s i n t e -

22 198 f% » gration rate of Na and Au were determined by 41fp/y 
coincidence techniques ( t o be described i n section 5),whilst 
the rest were determined by 4TTj9 counting. The ef f i c i e n c y 

22 24 
obtained f o r Na and Na were corrected f o r y-rays by 
estimating t h i s contribution from absorption curves obtained 
by i n s e r t i n g aluminium absorbers between the source and 
counter. The corrections were found to be 2 and 2.5% 
respectively. 
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TABLE 3 Efficiency c a l i b r a t i o n of end window proportional 
counter. 

Nuclide Precipitate E 
max 
(Mev) 

Spectrum 
shape Z 

^nax 
allowe* 
(Mev) 

Oxalate 0.254 Allowed 20 0.254 
185 w Oxinate 0.428 Allowed 74 0.428 
1 3 1 I Iodide 0.606 (Complex) 

allowed 53 0.606 
22 Chloride 0.542 Allowed 

(-) 11 0.542 

Metal 0.963 (Complex) 
allowed 79 0.963 

* V Chloride 1.390 Allowed 11 1.390 
9 1 T Oxalate 1.537 F i r s t 39 1.620 
9 0 y Oxalate 2.260 F i r s t 39 2.260 
4 2 K Tetraphenyl-

boron 3.58 (Complex) 19 3.50 
F i r s t 

,-1 Counter 90 with 1 mg. cm **• Melinex window. Counter stand 
2 

1 gm. cm" aluminium backscatterer. 
Amplifier 1430A + 1430 head. 10dB. 0.32>tS resolving time 

15v discriminator. 

Counter e f f i c i e n c y versus source weight 
(Mev) 5 mg 10 mg 15 mg 20 mg 25 mg 30 mg 35 mg 40 mg 

0.076 0.207 0.173 0.148 0.130 0.115 0.102 0.092 0.084 

0.127 0.268 0.239 0.217 0.199 0.185 0.172 0.162 0.154 

0.188 0.294 0.283 0.270 0.254 0.236 0.219 0.207 0.202 

0.225 0.333 0.323 0 . |12 0.304 0.296 0.282 0.271 0.263 

0.321 0.359 0.349 0.338 0.328 0.317 0.307 0.296 0.286 

0.560 0.347 0.346 0.345 0.345 0.344 0.344 0.343 0.342 

0.620 0.336 0.335 0.333 0.332 0.330 0.329 0.337 0.336 

0.906 0.352 0.351 0.350 0.349 0.349 0.346 0.348 0.347 

1.55 0.340 0.336 0.336 0.336 0.336 0.336 0.337 0.337 
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Part 5. Coincidence counting. 

4 Tf / and end-window f /y coincidence 'have been 
used here to determine the absolute d i s i n t e g r a t i o n rates of 

go 
an extended Na source used as a standard i n i r r a d i a t i o n s i n 
which reaction products emitting positrons were encounted 

22 198 
and also of sources of Na and Au i n the c a l i b r a t i o n of 
the end-window proportional counter. 

47 
The methods employed were lar g e l y those of Campion 

48 
and wapstra .. The great advantage of t h i s method i s t h a t , 
i n p r i n c i p l e , absolute d i s i n t e g r a t i o n rates may be determined 
without a p r i o r knowledge of the e f f i c i e n c i e s of the counters 
used. Problems such as the s e l f absorption correction i n 
4TT|3 counting fire therefore avoided. 

49 
For extended sources Putman has shown tha t the method 

i s v a l i d provided that e i t h e r the @ -detector or the /-de­
al? 

tector i s equally sensitive to 'parts of the source. The 
absolute d i s i n t e g r a t i o n rate i s given by 

^ « ~ 
Nc 

0e ' c r / ( i ) 

where N Q i s the absolute d i s i n t e g r a t i o n rate of the source 
N^ , Ny and N c are the observed counting rates (less back­
ground and accidental coincidences) i n the {3 , and 
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coincidence channels respectively, Cp , * are the means 
of the i n d i v i d u a l e f f i c i e n c i e s integrated over the source 
(equal to Cp and Cy , the e f f e c t i v e efficiences) and 
Gp, Cy i s the mean of the product. I f either detector i s 
equally sensitive to a l l parts of the source the term i n 
•brackets reduces to unity. The 4*̂/3 counter has "been 

47 -
shown to approximately f u l f i l l these conditions I n 
the end-window j3/y coincidence method, also used here, the 
source of small diameter ( 1 cm) was placed at the centre 
of the surface of a 3" x 3" Nal(Tl) s c i n t i l l a t i o n c r y s t a l 
and i t was assumed that the j f - r a y detector was equally 
sensitive to a l l parts of the source. 

47 
The following expressions were derived by campion 

and w i l l simply be quoted here. 

a) Correction f o r accidental coincidence rate. 

Since the resolving time of the coincidence mixer i s 
of f i n i t e length coincidences may be obtained between two 
unrelated events when both detectors are less than 100 per 
cent e f f i c i e n t . The following correction was made f o r t h i s , 

Nc = Nc' - 2X\ N/j % 
1 - ̂  (Np + N y ) ' 

(2) 
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where Nc"" i s the observed coincidence rate including 
accidentals hut with the background subtracted and i s 
the resolving time of the mixer. Campion shows that the 
above expression also applies i f N^ and Ny are replaced 
by the observed count rate without the background subtracted. 

b) correction f o r dead time i n the single; channels 

Assuming the dead time of each channel i s t , then 

N/s = No C,a ( 1 - No CP V ), 

% = No ( 1 - No G^% ), 

Nc = No 0fi C, [ 1 - [ 1 - ( 1 - Ĉ j ) ( 1 - C y )/ NoTjf, 

and therefore 

Nfl Ny 
— = No 

Nc 
No t Gp ( 1 - NoT ) 
1 - NOT (Cfs + Cy - Gp Cy ) ] . 

Since No X i s i n general much less than u n i t y t h i s reduces to 

N 5 Ny r "I 

—- = No[ 1 - NoT Gp Gy\t (3) 

I f the dead time of the channels i s not equal and Tp?ty 

Nc 
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A similar expression i s obtained with ji and y interchanged 
i f Ty ?1ys . I f quadratic terms are neglected equation (3) 
i s obtained. I n the special case of the 47T^ counter, 
C/i 1 and i f Tf>>X% the term i n curly brackets reduces 
to u n i t y . 

c) Coincidence background due to cosmic rays etc. was 
subtracted from the observed count rate of the source. 

Coincidence u n i t s e t t i n g up procedure (1036 C) 

The operating settings of the counters to be used were 
f i r s t determined as discussed previously. For the /3 -channels 
the coincidence u n i t discriminator was set at 15 V f o r the 
output of the amplifier while f o r y - c h a n n e l s a 5V d i s ­
criminator s e t t i n g was used f o r the output from the single 
channel analysers. Both channels were operated with a 
paralysis of 5 or 1 0 s . 

The delay between the channels was determined by 
varying the delay settings, w i t h a small value f o r the 
coincidence mixer resolving time, u n t i l a maximum was ob­
tained i n the coincidence rate from the source. Having 
set the delay the resolving time was now increased u n t i l 
the coincidence rate (excluding accidentals) d i d not 
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increase f u r t h e r with increase i n resolving time. The 
resolving time was then set at the minimum value f o r which 

saturation was obtained. I n general channels 1 and 3 of 
the coincidence unit were used since the resolving time range 
i s larger than f o r channels 1 and 2. 

The paralysis time of each channel was checked by a 
double pulse technique using a Dynatron N 107 t e s t set. 
The values were found to be as indicated. The actual value 
of the resolving time of the mixer was measured at the 
various settings by counting the accidental coincidences between 
the count rates of two independent sources fed i n t o the single 
channels. The value of the resolving time was then obtained 
from equation 2 above. 

22 22 a) Coincidence counting of Na and r e s u l t s f o r the Na 
standard source. 

22 
An aqueous solution of Na of high s p e c i f i c a c t i v i t y 

«fc % mC mg Na as sodium chloride was obtained from the 
Radiochemical Centre, Amersham. A portion of the o r i g i n a l 
solution was d i l u t e d and placed i n a polythene capsule. 
The fol l o w i n g series of sources were made, 
( i ) Point ' s o l i d 1 cource. A stainless steel planchet was 
coated with a layer of cellulose acetate leaving a central 
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22, spot clear. About 100 mg of the Na solution was accu­

r a t e l y weighed on to the spot and c a r e f u l l y evaporated. 
The cellulose acetate served to l i m i t the spread of the 
l i q u i d and a source 0.7 cm i n diameter was formed. 

( i i ) Extended source. A 2.1 cm diameter glass f i b r e f i l t e r 
pad was attached to an aluminium planchet by warming a f i l m 
of polythene on the planchet and then pressing the f i l t e r 
pad onto the polythene. The f i l t e r pad was damped with a 

22 
l i t t l e water and about 100 mg of the Na solution was 
accurately weighed onto the pad. The solution was spread 
over the entire surface a f t e r which i t was c a r e f u l l y 
evaporated. 

22 
( i i i ) A portion of the Na solution was accurately weighed 
and a known weight of water added thus d i l u t i n g the o r i g i n a l 

22 
solution about ten times. A series of three Na 4TT 
sources were made by weighing 80, 120 and 200 mg of the 
d i l u t e d solution onto previously prepared 4 i f f i l m s . These 
were also c a r e f u l l y evaporated. 

The absolute d i s i n t e g r a t i o n rates of the point source 
and the 4 T sources were determined by end-window £ / y 

coincidence and 4 Tff3 /y coincidence techniques described 
above. Unfortunately one of the 4 1f sources was damaged 
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before i t could be counted. The sources mounted on 
planchets were covered and sealed with a layer of Sellotape. 

22 
Na decays by 89.7% positron emission and 10.3% 

electron capture i n coincidence with a 1.28 Mev ^-ray i n 
100% of the decays. No anisotropy i s reported between the 
positron and the ^ - r a y 5 0 . 

4 TT / Y coincidence method. 

The 41T sources were inserted i n t o a 4 T counter which 
was placed on a 3" x 3" Nal(Tl) y*-ray s c i n t i l l a t i o n c r y s t a l . 

—2 
A 200 mg cm aluminium sheet was placed between the counters: 
to prevent positrons entering the c r y s t a l . The {& -channel 
was delayed by IJKQ on the y -channel and a mixer resolving 
time of 4JJ- s was necessary. coincidence measurements were 
made at two d i f f e r e n t settings f o r each pulse height analyser 
window;(a) including both the 1.28 Mev photopeak and the 
1.79 MeV sum peak (discriminator at 1.15 Mev) and 
(b) including only the 1.79 MeV sum peak (discriminator at 

47 
1.64 Mev) as suggested by Campion . The e f f i c i e n c y of the 
4 7f proportional counter to electron capture events was 
considered to be n e g l i g i b l e . The coincidence equations 
used are:-
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« NO^Cp + ( 1 - £ j T ^ g Q + / 3 ( l - ^JCT^gQ + 2 T ^ ^ ] 

N t f - K ° P1.28 

H b 8 8 N G P1.28 (pCp + - )2 T^ 0 # g l) 

.28 + P ( 1 ~ °^)(T^1.28 + 8 T/J 0' 5 1) 
He |3 (C^ ( 1 - 2 T,0.51.) + 2 TpO.51) 

where |3 i s the percentage of decays of a nuclide "by positron 
emission to a p a r t i c u l a r energy l e v e l of the daughter 
( m 0.897 f o r 8 8Na). 

cp i s the e f f i c i e n c y of the proportional counter to positrons. 
Tpi.28 8 1 1 , 1 T P0.51 a r e t n e e f f i c i e n c y o f t*1® proportional . 
counter f o r counting 1.28 MeV and 0.51 Mev ̂  -rays res­
pectively. 
p1.28 i s t h e e f f i c l e n c y o f t n e s c i n t i l l a t i o n c r y s t a l f o r 
counting a 1.28 MeV -ray i n i t s photopeak (including 
corrections f o r absorption i n source and absorbers). 

A value of 95% was obtained f o r Cp from counting rates, 
and from the work of Campion, T^ 1 < 2 8 and T^Q g l were 



estimated to be 1,1% and 0.6% respectively. 
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On s u b s t i t u t i o n 

No. 1.0015 . 
Nc 

b) The equations used here are the same as those above 
except f o r the s u b s t i t u t i o n 

% No 8 „ 
0 F1.28 F0.51 » 

where p Q g l i s the e f f i c i e n c y of the c r y s t a l f o r the detec­
t i o n of a 0.51 MeV y-ray i n i t s photopeak. 

P /y coincidence method 

22 
The Na point source was counted between an end-window 

proportional counter and a 3" x 3" -ray s c i n t i l l a t i o n 
—2 

c r y s t a l . A 240 mg cm aluminium absorber was placed 
between the source and the c r y s t a l t o prevent positrons 
entering the c r y s t a l . The separation of the proportional 
counter window and the c r y s t a l was 1.8 cm. The p -channel 
was again delayed by 1 f s and a 4|i s mixer resolving time 
was required. The c r y s t a l was set to count both the 1.28 MeV 
photopeak and the 1.79 MeV sum peak as described above. 
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To determine the back ground i n the proportional 
counter due to the 1.28 Mev y-ray the following procedure 
was adopted. The source was counted by the proportional 
counter while sandwiched between two layers of aluminium 

—2 
(240 mg cm ) t o stop the positrons. The count rate i s 
then due to the sum of the 1.28 Mev ^-rays and the 
a n n i h i l a t i o n r a d i a t i o n from the two plates. The source 

—2 

was now Inverted and counted w i t h only one 240 mg cm 
aluminium plate on the counter side of the source. (The 
c r y s t a l had been removed). The count rate was now the sum 
of the 1.28 Mev v* -ray and the a n n i h i l a t i o n r a d i a t i o n from 
one p l a t e . Neglecting y- ray coincidences and y -ray 
attenuation i n the aluminium, the count rate from the 1.28 MeV 
y -rays passing through the counter was obtained by sub­

t r a c t i o n . 10% of these y-rays have no coincident positron 
and therefore contribute to the ^ background. Of the 
remainder about 1/3 w i l l be counted i n coincidence w i t h 
positrons i n the proportional counter; the e f f i c i e n c y of the 
proportional counter f o r p - p a r t i c l e s f o r the source d i s ­
tance used was about 33%. Thus 70% of the 1.28 MeV y~ray 
count from the aluminium sandwich count w i l l contribute t o 
the j3 channel count rate i n coincidence measurements. The 
coincidence equation derived above ( f o r 4^/3 / y ( a ) ) w i l l 
also apply here but the correction f o r the 1.28 Mev V-ray 



TABLE 4 Determination of the absolute d is in tegrat ion rate 

of the 2.1 cm diam. Na source. 

Source Wt. of 
standard 
solut ion 

(mg) 

Date 
of 

Meas­
ure 

ment 

Method 
Np Ny 

(c .p.m.) (c .p.m.) 

4TT1 12 .94 24 /5 /63 4ffj3/3T a 36,890 1208 

3 /2 /64 47T|W b 30030 106.0 

4 / 2 / 6 4 4irp/2T a 30050 1089.0 

47T2 22 .40 25 /5 /63 MP/)f a 64090 2198 

7 / 6 / 6 3 14850 3574 

»Point 
Source 1 96 .3 27 /5 /63 p/ar 73120 16490 

7 / 6 / 6 3 P/2T 69860 15770 

1 1 / 2 / 6 4 59990 12620 

1 0 / 3 / 6 5 p / j r 35056 9599 

Weight of the extended 2.1 cm diam. source i n 130.4 mg. 

Ac t iv i ty on 24/5/63 - 4.45 + 0.04 x 10 5 d.p.m. 

The ha l f l i f e of 2 2 N a was taken as 2.58 y e a r s . 

The 4 p. S reso lv ing time se t t ing of the coincidence mbwwas 
3.52 jiS. 

N c

f N C N 0 N 0
 d ' S ; m , / 

mg 
(c.p.m.) (c .p .m.) (d.p.m.) at zero standard 

£ i m ® 4 solut ion 
x , u x 10~ 3 

Mean 

1035 1032 4.32 4.32 3.34 

100.6 99.9 3.54 4 .26 3.29 

922.2 917.9 2.56 4 .28 3.31 

1**0 1*71 7.52 I 7.52 3.36 3.41 
i 

687.9 681.7 7.79 ' 7 .87 3.51 +0.03 

3667 3540 34.2 34.3 3.56 

3460 3342 33.1 j 33.4 3.47 

2856 2776 27.3 33: i 3.44 

1664 1644 20.5 33.2 3;45 
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count i n the (3 -channel was subtracted. I t amounted t o 
some 1% of the ^-channel count r a t e . 

The r e s u l t of these determinations are given i n 
Table 4. The 47f^ / y method appears to give a re s u l t about 
5% lower than the ̂ /^ method. Within the errors the 
4 Tf ft / y methods (a) and (b) give the same value. The 
mean of a l l the results has been taken i n calculating the 
spe c i f i c a c t i v i t y of the i n i t i a l 2 2Na solution. The error 
from weighing and counting s t a t i s t i c s has been estimated 
t o be ± 2jg. 

The computed a c t i v i t y f o r the 2.1 cm diameter 2 2Na 
source i s therefore 4.45 +0.09 x 10 5 d.p.m. on 24.5.63. 

198 
b) Coincidence counting of Au 

Similar measurements t o those described above 
were made to determine the a c t i v i t y of 4?f sources of 

198 
and Au f o r use i n c a l i b r a t i o n s of the end-window counters. 

198 
I n 99% of i t s decays Au emits a negatron group of 

maximum energy 0.962 Mev followed by a j'-ray of 0.412 MeV. 
I n the other 1% a negatron group of 0.287 Mev maximum energy 
i s followed by a 1.087 MeV ^ - r a y i n 18% of the events, and 
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i n the other 82% by a cascade of an 0.675 Mev and an 0.412 
MeV y-rays. The decay d i r e c t l y t o the ground state of 
198 

Hg which occurs i n 0.026% of the oases was considered to 
be n e g l i g i b l e . The y~ray channel was set t o count the 
0.412 Mev photopeak (0.310 - 0.515 Mev) and the (3-channel 
was again delayed by IJA. s. The coincidence mixer resol-
ving time required was 2 j*. s. Since Au decays by 100% 
P - p a r t i c l e emission i t was considered that the following 
coincidence equations could be used without s i g n i f i c a n t 
error. 

N p « No Cp 

% s N 0 P0.412 

Nc = NO C pP 0 # 4 1 2 

Where P Q 4 1 2 i s the e f f i c i e n c y of counting the 
0*412 Mev y-ray i n the photopeak. 

No correction was made f o r the angular c o r r e l a t i o n 
between the ( 3 - p a r t i c l e s and ^ - r a y s i n t h i s nuclide since 
the p - p a r t i c l e a were detected w i t h almost 100% e f f i c i e n c y * 
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CHAPTER 5 
Methods of Calculation 

Part 1. Correction f o r the v a r i a t i o n of neutron f l u x 
during an i r r a d i a t i o n 

The cross sections reported here have "been measured 
eithe r by the associated p a r t i c l e method,or r e l a t i v e t o that 
of a reference reaction, usually pe(n,p) Mn. i n the 
f i r s t method the f l u x through the sample i s determined 
d i r e c t l y , w h i l e i n the second i t i s assumed that both the 
sample and reference element are exposed t o the same f l u x . 
The radioactive products induced i n the sample and i n the 
reference element decay during the i r r a d i a t i o n , at d i f f e r e n t 
rates, and correction must be made f o r t h i s . 

As mentioned i n Chapter 2 the neutron generator does 
not produce a steady neutron f l u x and allowance must be 
made f o r this>also. 

Consider an i r r a d i a t i o n of duration T. Resultant 
a c t i v i t i e s are p l o t t e d and the a c t i v i t i e s at time tfc, the 
end of the i r r a d i a t i o n , are determined by extrapolation. 

dt- V 
V 

Variation of neutron f l u x 
w i t h time during the course 
of an i r r a d i a t i o n . 

* — t — > 

O-l 
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a) A stable nuclide, 1, i s activated during the i r r a d i a t i o n , 
producing a radioactive nuclide, 2. The radioactive nuclide, 
2, subsequently decays t o a stable nuclide at a rate deter­
mined by i t s d i s i n t e g r a t i o n constant, > . 

i . e . 1 ( n> x^. 2 ft > stable 

The nuclide, 2, i s produced throughout the i r r a d i a t i o n 
at an I r r e g u l a r rate given by the expression 

dN 2 

— = 
dt ' 

where, ^ 2 i s the rate of production of 2. 
dt 

i s the number of nuclei of 1 exposed t o the neutron f l u x . 

^~ l g i s the cross section f o r the reaction 1 ( n * x \ 2. 

( t ) i s the neutron f l u x as a function of time. 

During the short i n t e r v a l , d t , the number of nuclei of 
<2f which are produced i s dN g • N^. j> (*)«dt« 

and these decay exponentially so that at the end of the 
i r r a d i a t i o n , time t o , the number remaining i s 
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dNg(to) * N r r-±2. j ( t ) . e ~ ^ ( T - * ) . a t . 

The value of ̂  t at any instant i s not known absolutely, 
but i t s v a r i a t i o n i s proportional t o the v a r i a t i o n i n the 
counting rate of the neutron monitor, l ( t ) . 

i . e . j ( t ) a I ( t ) / i 
1 

where, Vj i s the f a c t o r r e l a t i n g f l u x at the sample po s i t i o n 
to the counting rate of the neutron monitor (determined i n 
the associated p a r t i c l e method). 

Thus: 
n 2 ( t o ) = N 1 . <r^12 j = l ( t ) . e " A ( T " t ) . d t . 

t = o 

The i n t e g r a l i s conveniently replaced by the summation 

X ( l . e ~ ^ ( T ~ * ) ) . S t (abbreviated to 8 2) 
so long as $ t i s small compared to the h a l f l i f e of the 
nuclide 2. 

Then: 

H 2 ( t o ) = nt- <r^ s 8 . 

A si m i l a r expression applies to every nuclear reaction 
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If. 2r- — y stable 

represents the reference reaction, 

N g ( t o ) 

l ^ ( t o ) 

the unknown f a c t o r , ^ , cancelling "between the two expressions, 
provided "both sample and reference substance are exposed to 
the same f l u x . 

The a c t i v i t i e s of resultant nuclides at time t 0 , the 
end of the i r r a d i a t i o n , are determined by extrapolation of 
t h e i r decay curves. Then, since Ao = 0. X . No, 

AO (2) C2. > . N r <TJg. S g 

= (1) 
Ao ( 2 r ) Cg^.V . H^-O^g,. SSr. 

where, Cg and Cg^ are the detection c o e f f i c i e n t s f o r the 
respective nuclides. 

V l S • S 2 

^lr-• < r12i*' s2^" 
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b) i n some cases, i t was required t o measure the r e l a t i v e 
cross-sections f o r the independent production of a p a i r of 
nuclear isomers. 

A stable nuclide, 1, i s activated during an i r r a d i a t i o n , 
producing both the metastable and ground states of a radio­
active nuclide, 2. Allowance must be made f o r the formation 
of ground state nuclei v i a the metastable during the course 
of the i r r a d i a t i o n . The process can be represented: 

The t o t a l number of nuclei of 2 present at the end of 
the i r r a d i a t i o n i s given by 

(n,x x) 2 
l.T. 

(n,x) 2 stable 

,1 

No 1 ( t o ) = F^. cr~. 12 1 ^ ( i . e - x l ( * - * ) ) . S t . (2) 

s, l 
2 

The t o t a l number of nu c l e i of 2 present at the end of 
the i r r a d i a t i o n i s given by 



Hg(to) N l . ' *~12« d - e " ^ ( T " %))St + N 

X 

= N 1 ^ 1 2 - S2 
+ N , 

where, N i s the number of nuclei of 2 formed v i a the meta­
l s 

stable state 2 , during the course of the i r r a d i a t i o n . 

The rate of formation of 2 v i a 2 1 i s given by 
dN 

No1. X 1 - N\ «, 

Then: 

* A-X1 

w ~ 1 1 
- H i - ^12 \ fa 1 - s ̂  

. 7 . <s2 S2> 9 
1 X-X 1 

and the t o t a l number of nuclei of 2 present at the end of 
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the i r r a d i a t i o n i s 

H 2 ^~12 . S2 

c) A si m i l a r case to that discussed i n b) i s when a reaction 
product decays t o an active daughter which I t s e l f i s formed 
d i r e c t l y i n a reaction. The process can he represented: 

l 1 ( n , y j 2 1 

A1 \P 
1L (n,xj 2 {3 ^ stable 

^Xg i n equation 2 and 3 of b) i s then replaced by 

N- « , and the t o t a l number of nuclei of 2 present at 
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Part 2 S t r a i g h t - l i n e 

A semilog p l o t of 
species yields a s t r a i 
species present with s 
than a f a c t o r of 2) i t 
the composite decay by 
are similar (less than 
s t r i p p i n g i s often dif. 
of the decay curve froi 

A method of overc< 
p l o t (or a ,Bunney, ] 

Consider a decay < 
components 1 and 2 of 1 
^ g . The t o t a l activ: 

A = 1 

By m u l t i p l y i n g bo1 

A e x t - i 

As stated \ - anc 
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the end of i r r a d i a t i o n i s 

\ jV <m»' y-p <v - V + •i.a-M s
8 ] (5) 



to pa: 
activ: 
plot ( 
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as a function of t , a plot of Ae*,tr versus e ^ ~ <̂«- K 

i s a straight l i n e with intercept A^ and slope Ag, the 
i n i t i a l a c t i v i t i e s of components 1 and 2. 

The above method only applies to independent components 
hut an analogous method for use with parent-daughter growth-
decay curves has "been recently pointed out by Buchanan 53 

nuclid 
A£ a* 
of the 

The net (background-subtracted) counting rate of a 
parent-daughter mixture i s the sum of the counting rate due 
to the parent a c t i v i t y , the daughter a c t i v i t y present i n i t i a l l y , 
and the daughter a c t i v i t y grown from the parent. 

A = 

or rearranging 

P L GP Xd >p A 

and 

+ e ->dt [ .o .o / Cd w 
Ld " *p < ) ( 

I n these equations, A i s the net observed counting rate, 

C i s the counting ef f i c i e n c y , t i s the elapsed time, super­

s c r i p t 0 designates an a c t i v i t y at t = 0, subscript p re f e r s 
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ani sot ropy corrections are additive here f o r "both p a r t i c l e s 
a "better arrangement would have been to accept and count 
p a r t i c l e s i n the same d i r e c t i o n where the corrections would 
have largely cancelled. 

I f p a r t i c l e s are counted at an angle j to the 
incident deuteron beam d i r e c t i o n by a detector which subtends 
a s o l i d a n g l e a t the t a r g e t , the t o t a l number of 
neutrons produced per <K - p a r t i c l e incident on the target i s 
given by 

where R^ i s an anisotropy f a c t o r whose value depends on j 

and on the incident deut@ron energy. I n Fig. 27 are shown 

values of R<*. f o r thick targets obtained from the work of 
57 

Ruby and Crawford . For the present conditions R* was 
taken to be 1.028. The r e l a t i o n s h i p , ( between the 
neutron centre of mass s o l i d angle (w') and laboratory s o l i d 
angle ( w ) was obtained from the data of Benveniste and 

54 
Zenger and i s shown i n Fig. 28 f o r various laboratory 
angles and incident deuteron energies. A value of 1.05 was 

dw' 
taken f o r ( 7^ ) f o r i r r a d i a t i o n s made here i n the forward 
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d i r e c t i o n since most of the neutrons w i l l "be produced i n 
the resonance region of the e x c i t a t i o n function. 

The mean neutron path length through the actual f o i l 
was also calculated; the expression used was derived as 
follows. I n Fig. 29, l e t the diameter of the f o i l he R, 
the thickness d,and the distance from the disc to the point 
source S,D. Since D > R and » d,edge effects of the disc 
were considered to he n e g l i g i b l e . 

\ 
I \ 

\ 

Pig. 29 

Consider an annulus of the disc with radius r and width dr 



Area of annulus = 2 l f r . d r . 

Apparent thickness of disc to neutron incident at an 
8 X 1 8 1 6 0 = coF¥ * 

cL The apparent volume of the annulus = • A . 2lTr.dr. C O S Cr 

But r = D tan &, 
and dr = D sec 2© . 

65 

The apparent volume of whole disc (where i s the semi-
angle of the cone subtended "by the disc at the target) 

rf . \ S i f * - d t a n 8 . D sec8© . d « . I cos© 

The mean thickness of the disc to incident neutrons 

d. 

ziess or ine Q I B C L O mciaenx i 
xi 

L. J (cos © ) ~ 4 sin© d 0 % 
f * (cos G ) " 3 sin & <L& 

J (COB I - f 1 
I (cos j r s - 1 J 

I n general t h i s correction added ahout 1% to the 
f o i l thickness. 

The deuteron "beam contained Dg ions which were seen 
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from the - r e c o i l spectrum to contribute 15% to the t o t a l 
neutrons produced. Correction was made assuming that the 
reacting deuterons were incident at 70 kev which gave a 
correction of -1.6% on the calculated neutron y i e l d i n the 
forward d i r e c t i o n . 

Tritium decays to 3He "by fl -decay with a 12.26y h a l f -
l i f e and since the reaction 3He + = 4He + *H gives 
r i s e to ot - p a r t i c l e s of s i m i l a r energy to those from the 
IgT process,errors could arise here. At 140 kev the cross 

CO 

section has "been shown "by Wandel et a i r to have a value of 
80mb, while that f o r the Dp reaction i s 5000 mb; f u r t h e r , the 
He contained i n the targets i s 10% or less of the H content, 

therefore contributions from t h i s reaction were considered t o 
he ne g l i g i b l e . 

Protons from the D,D process were easily discriminated 
against with the ORTEG counter and the reactions studied by 
t h i s method had threshold energies above the 3 MeV energy 
of these neutrons. 

The error of t h i s method i s estimated t o be 5%,arising 
mainly from uncertainties i n the d i s t r i b u t i o n of t r i t i u m i n 
the target as mentioned above. The s o l i d angles were 
measured to an accuracy of 1%. 
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b) D,D process 

I r r a d i a t i o n s here were, i n general, carried out at 90° 
to the incident deuteron beam to reduce to a minimum the 
spread i n neutron energy caused by the spread i n the energy 
of the reacting deuterons (0 - 400 keV). 

As was stated i n Chapter 2 i t was more convenient to 
2 3 

count protons associated with the competing H(d,p) H 
g 

reaction rather than the low energy He p a r t i c l e s associated 
with the neutrons produced i n the H(d,n) He process. 
Thus i f the proton detector subtended a s o l i d angle/ft-G.p at 
the target the number of neutrons produced per proton 
counted i s , 4 IT _ V. 

where R̂  i s the proton anisotropy factor and (Y^ n/Y d p ) i s 
the r a t i o of the t o t a l neutron to proton y i e l d . Values of 

57 
these parameters were obtained from Ruby and Crawford and 
are p l o t t e d i n Fig. 30. i n calculations the d i s t r i b u t i o n 
of deuterium i s assumed to be uniform. Deuterium i n f a c t 
i s being continuously replaced and w i l l d i f f u s e throughout 
the layer. 
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30 Preston et a l . have shown that hoth "branches of the 

Hp process are anisotropic ( t o d i f f e r e n t extents) i n the 
centre of mass system. They obtained an anisotropy 
dependence i n the centre of mass system of the form 

*H£l . flgHZl (" 1 + A COS8* + B COB 4*] 
d*J *" 

* £ 1 + ( A + B ) ooa*aJ, 
d 

i 
where 03 i s the s o l i d angle i n the centre of mass system ( <J~ 
being the corresponding angle i n the laboratory system),^ i s 
the p a r t i c l e centre of mass angle and A and B are &nisotropy 

•50 

constants. Values of A and B measured by Preston et a l 
at f i v e d i f f e r e n t incident deuteron energies are p l o t t e d 
i n Fig. 32. By drawing smooth curves through these points 
values of the sum (A + B) were estimated at intermediate 

59 
energies, Fig. 33. Using the data of Tuck f o r the t o t a l 
cross section the d i f f e r e n t i a l cross section at 90° was 
calculated from 

d«r(90°) 
dor" £ 1 + (A + B)cos% J dw1 



O IOO 200 300 4°<5 5O0 
E D(keV.). 

Fig. 32.Anisotropy constants for the D(d n) 3 He reaction, 
v Preston etal.i. 

CD 1-0 

4 0 0 100 200 300 
Fig.33. Sum of anisotropy constants. E D (KeV). 
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4TT C 1 + i ( A + B ) ] 

Since the t o t a l cross section values f o r the D,D process 
r i s e almost l i n e a r l y with incident deuteron energy i n the 
range 0 — 400 kev, the incident deuteron energy was divided 
i n t o eight 50 kev i n t e r v a l s and the values of ^i^) a t 5 0 

d " 
i n t e r v a l s from 90 - 140 were calculated f o r the mean of 
each energy i n t e r v a l . A p l o t of ^ffl against & was 
then made f o r each mean energy and values corresponding t o 
angles of 90° - 140° at 10° i n t e r v a l s i n the laboratory 
system were interpolated. The values f o r each laboratory 
angle ( j) ) were then added together and t h e i r average ( ) 

calculated. The mean value f o r each laboratory angle was then 
divided i n t o the mean t o t a l d i f f e r e n t i a l cross section t o 
obtain the value of 1 ^ ( t h i c k ) f o r each laboratory angle f o r 
an Incident deuteron energy of 400 kev. 

^ ( t h i c k ) j = 

d u '/ 0 - 400 kev. 

A simila r calculation was made f o r an incident energy 
of 800 kev to enable the contribution from Dg ions to he 
made. The curves of *n v e * 8 U B laboratory angle 

are shown i n Fig. 31. 
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Samples irradiated at 90° were i n the form of thin, 
narrow f o i l s or as powder in narrow tubes arranged around 
the circumference of the target. The mean angle <j> and 
distance R of the sample from the target was calculated. 
The total neutron flux through the sample i s then given 
"by N/(4 7T R 2.Rn (J> ) ) neutrons; cm - 8. 
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Chapter 4 

Part 1. 

Determination of the cross-sections of the nuclear reactions 
5 6Fe(n,p) 5 6Mn and 6 gCu(n t2n) 6 8Cu hy the assoeiated p a r t i c l e 

method• 

Both the reactions, 
5 6 P e(n,p) 6 6Mn (t£ = 155 + lm)(Q = -2.926 Mev) and 

6 3Cu(n,2n) 6 2Cu ( t i = 9*9 + 0.1m)(Q =-10.838 Mev) , 

have heen widely used as reference reactions when comparative 
measurements have heen made. unfortunately the scatter i n 
the published values, (see the compilation of Liskein and 
Paulsen ) i s large, and therefore i n the present work these 
cross-sections were measured absolutely by the associated 
p a r t i c l e method. A l l Q values quoted have been taken from 
Everling et a l . 

Experimental procedures. 

a) I r r a d i a t i o n . Discs of i r o n (see Appendix A) and copper 
(Hopkin and Williams Ltd., AnalaR grade), 2.1 cm i n diameter, 
were i r r a d i a t e d 5 cm below the target i n a l i g h t polythene 
holder. I n t h i s position the ac t i v a t i n g neutrons were almost 
monoenergetic, since, because of the resonance i n the Dp? re­
action, over 80 per cent l i e w i t h i n the energy range 14.8 + 
0.1 Mev with the incident deuteron energy of 145 Key. I n 
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four of seven runs, each of 30 - 60 minutes duration, and 
with t r i t i u m targets of d i f f e r e n t ages, the i r o n and copper 
were i r r a d i a t e d together i n the form of a sandwich, and the 
r a t i o of the values of the cross-sections obtained (Table 5 ) . 
Polystyrene discs, 13 mgcirC^thick, were placed between the 
metals to prevent transfer of r e c o i l nuclei between adjacent 
layers. The diameters of the f o i l s and t h e i r separation 
from the t r i t i u m target segment were accurately measured so 
that the s o l i d angle subtended at the sample could be c a l ­
culated. The arrangement of the s o l i d state counter,used 
to count the r e c o i l oC - p a r t i c l e s from the IJT reaction,has 
been previously described i n Chapter 2. 

b) Counting techniques. 

56 
( i ) Mn. The i r o n discs were dissolved i n the stan­

dard acid mixture and counted i n the l i q u i d sample Q-.M. 
counter as described i n Appendix A. 

( i i ) 6 2Cu. 6 8Cu emits positrons i n 97.92$ of i t s 
dec ays, and therefore the i r r a d i a t e d copper discs were sand­
wiched between aluminium plates t h i c k enough to stop the 
positrons, and the r e s u l t i n g a n n i h i l a t i o n r a d i a t i o n was 
detected i n coincidence by two l£ n x 1" N a l ( T l ) s c i n t i l l a t i o n 
crystals,4.5 cm apart^set.on the 0.61 Mev photopeak. The 
coincidence count obtained was compared with that from a 
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22 standard Na source, with the same dimensions, counted under 

exactly similar conditions. 

Both channels were operated with a paralysis time of 
5yiS while the resolving time of the coincidence mixer was 
set at 2ji$ . The coincidence u n i t settings had heen p r e v i -

22 
ously determined with the Na source, and count rates were 
corrected f o r paralysis of single channels and the coincidence 
mixer, backgrounds, and random coincidences as described i n 
Chapter 2. 

62 
The 9.9Kidecay of Cu was corrected f o r the small cont­

r i b u t i o n from 12.84k 6 4Cu(which arises from the reaction 
65 

Cu(n,2n)) by graphical curve st r i p p i n g . Equations f o r the 
corrections to a n n i h i l a t i o n r a d i a t i o n coincidences f o r the 

22 
nuclides are shown below, that f o r Na being corrected f o r 
the contribution from the 1.28 Mev y -ray, while the y~rays 

62 
occurring i n only 0.5% of the Cu decays were regarded as 
n e g l i g i b l e . Values of the e f f i c i e n c i e s used i n calculations 

42 
were taken from the data of Crottthamel and absorption 

62 
corrections were obtained from Davisson and Evans . The 
following symbols are used i n the expressions. 
N^ = observed count rate i n channel l(c.p.m). 
No = actual d i s i n t e g r a t i o n rate of a source (d.p.m). 
P 1 = p r o b a b i l i t y of counting i n i - t s Photopeak and i n ­

cluding corrections f o r absorption i n the source and 
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absorbers. 

= p r o b a b i l i t y of ^ being counted by any absorption 
process (again absorption correction being made). 

2 > 
= p r o b a b i l i t y of part of the spectrum of g^ being with­

i n the photopeak of ^g. 
P = percentage of decays of a nuclide by positron emission 

to a p a r t i c u l a r energy l e v e l of the daughter product. 
= the s o l i d angle subtended by the source at a c r y s t a l . 

22 
Na. 

0,51 MeV channels. 

N l = N 2 = H ^ l P 0 . 6 1 < t T 1 . 2 8 > + ^ 

Coincidence channel 

K12 - »[»-j»l( p0.8l)^< Ml.W> r tS:M< t{ TO.Bl i p0.6l^) 8- l ' o j j 

S> x - 0.897. 

6 S0U. 
Coincidence channel 

= 0.9792. 

The r a t i o between the counting e f f i c i e n c i e s ( 22Na/62Ql£ ) 

P 2 



= 0 .993 . (b ±/ /32 
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= 0 *908 . 

The corrections indicated i n Chapter 3 were applied i n 
calculations of the cross-sections f o r the neutron f l u x ob­
tained "by the associated p a r t i c l e method. 

Results and comparison with other work. 

The measured values of the cross-sections together with 
the corrections made are shown i n Tables 5 and 6. 

The mean value of 9 8 . 3 + 2 . 4 rah. at 14 .8 + 0.1 MeV f o r 
56 56i! 

the pe(n,p) Wa. reaction cross-section agrees well with that 
25 

of 9 6 . 7 + 4 mb obtained by Hemingway et a l . of t h i s labora­
tory using helium measuring techniques. The only common 
facto r between the two determinations was the l i q u i d sample 
&.M. tubes which were calibrated together and used under 
i d e n t i c a l conditions. 

17 

The d i s p a r i t y i n the published values may be p a r t l y 
explained by the f a c t that the energy of the neutronsused i s 
not always c l e a r l y stated; the e x c i t a t i o n function f o r the 
reaction determined by Terrel and Holm , Bormann et a l . , 

65 

and Santry and Butler indicates a smooth v a r i a t i o n with 
neutron energy, with a maximum at about 13 .6 Mev. The 
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majority of the measurements l i e w i t h i n the range 80 - 120 mb 
and thus the value obtained here would appear to be at the 
centre of t h i s d i s t r i b u t i o n . 

fifi 

Chittenden et a l . have measured the combined cross-
section f o r the reaction 5 7pe(n,np + n,d) 5 6Mn and obtained 
a value of 6.1 + 2.6 mb at 14.8 ifleV. The correction f o r the 
production of 5 6Mn from 5 7Fe i n natural i r o n i s therefore only 
0.12%, which w i l l not e f f e c t the r e s u l t here since i t i s with­
i n the experimental error. 

The scatter f o r the values of the cross-section f o r 
Cu(n,2n) Cu i s again large; at 14.5 Me V the values range 

7 
between 482 + 72 mb (Paul and Clarke ) and 647 + 80 mb (Brolley 
et a l . 6 7 ) . The value of 550 + 6 mb at 14.8 Mev obtained here 

(38 
i s i n agreement with the recent work of Grimeland et a l . of 
548 £ 10 mb at 14.8 MeV, and also with that of 550 + 30 mb at 

69 
14.77 MeV which Glover et a l . took as the average of t h e i r 

70 
own work and that of Ferguson and Thompson . The e x c i t a t i o n 
functions obtained by these l a s t two groups show the cross-
section r i s i n g smoothly i n t h i s energy region and thus values 
around 500 mb measured by several workers at 14.1 MeV would 
indicate a somewhat higher value at 14.8 MeV. 
Estimation of error. 

The errors quoted above were the standard errors of the 
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means of the values obtained; the actual errors are estimated 
as follows:- (1) Determination of neutron f l u x 5% (2) Calib­
ration of the standard ^^Na source and l i q u i d sample G.M. 
tube 2% (3) Counting s t a t i s t i c s , Mn, 1% and Cu 2?0. These 
give a to t a l error of + 5*5$ for the Fe(n,p) Mn cross-
section and + 6% for that of 6' 3Cu(n,2n) 6 2Cu. 



Run No. of 
No. target 

nuclei 
10 3 

X T 

Mean 
neutron 
path 
length 

AO 
obs 
(c/m) 

AO 
count 
(d/ m) 
x 10"* x 10* 5 x 10 

(sterod) ( s t e r o l ) 
Sn 

xlO -10 

Target Cross Mean 
and section 
previous. (mb) 
use ( xab ) 
( Wouf*) 

5 t e - S o 
5 6fe(n,p)cr-

Tahle 5. Results for the 5 6 F e ( n , p ) 5 reaction. 

494 7.170 1.010 975 1.53 5.287 3.02 0.1277 2.789 1.5C 97.6 

502 7.172 1.010 888 1.39 4.599 3.02 0.1277 2 # 4 2 8 3.0C 162.2 

542 6.945 1.011 355 0.555 1.895 2.92 0.1202 &.9736 1.3A 104.5 98.3 5.27 5.71 

554 7.092 1.011 758 1.19 3.942 3.02 0.1277 2.114 3.0C 102.9 +2.4 5.29 

600 7.077 1.010 709 1.11 4.547 3.33 0.1291 2.236 11.0E 91.3 6.04 

658 7.170 1.010 QQQ 0.939 3.458 3 # 0 2 0.1277 1.855 7.5C 91.4 6.24 

* 1.208, (|£p)n = 1.05, Dp corrtn.= 0.984, \ 56M«t= 0.004472min1 

N =Aw3aAwV No., Counter eff. for 56Mn = 0.0767 Chemical Y i e l d = 0.8333. 



Run No. of Mean Counting Ao Ao 
No. target neutron e f f . ohs. coxart. 

nucld path 
i a 2 length ( % ) ( c > ) ( d / m ) 

Tahle. 6. Results for the Cu(n t2n) CM reaction. 

530 0.6959 1.014 0.321 635 1*98 

1.038 
542 1.011 0.305 890 2.92 

554 1.381 1.010 0.299 2680 8,97 

600 1.381 1*010 0.289 2520 8.71 

658 1.381 1.010 0.285 1350 4.77 

X 6 2 C u = 0.07002 rain*1. 

Soc •&0L Srv Target Cross Mean 
(sterad) (sterad) and section (mb) 

-i /r>6 ., /m*-9 x 1 0 ^ x 10' x 10; 57 (hours) 
previous 

use (mb) 

5.531 2.92 0.1852 4.449 0.9A 535 

8.079 2.92 0.1202 4.151 1.3A 551 550 
+ 6 

18.41 3.02 0.1277 9.876 3.0C 544 

19.27 3.33 0.1291 9.374 11. OE 551 

9.341 5.02 0.1277 5.010 7.5C 570 
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Part 2. 

54 I r r a d i a t i o n of pe. 

Pure iron f o i l and granules, as normally used for the 
Fe(n,p) Ma reference reaction, were irradiated i n order 

to check the value of 0.6 + 0.1 mb obtained by Chittenden et 
a l 6 6 . for the cross-section of the 5 4 p e ( n , t ) 5 2 m M n reaction. 

54 
A search was made for a c t i v i t y r e s u l t i n g from the pe(n,t) 
5 8 gMn reaction and an upper l i m i t for the cross-section of 
t h i s reaction was estimated. 

The reactions studied were;-
e(n,t) 6 2 mMn ( t i = 21m) (Q = -12,795 Mev) 

? 

^ S e f n . t ) 5 2 ^ ( t ^ = 5.7d) (Q = -12.412 Mev) 

^ P e C n , ? ) 5 4 ] ^ ( t ^ = 314d) (Q = +0.094 Mev) 

M p e ( n , 2 n ) 6 3 p e ( t ± = &.9+0.1m) (Q = -13,620 MeV) 
2 "~ 

CIZ 
H a l f - l i f e values (except that measured for Pe) were taken 

71 
from the Nuclear Data gheets . 

Experimental procedures. 

In a l l the i r r a d i a t i o n s c a r r i e d out, the cross-sections 
EC E i 

were measured r e l a t i v e to the pe(n,p) nan reaction "by d i s ­
solving the whole or part of the sample i n the standard acid 
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56 solution, and counting the Mn a c t i v i t y i n a l i q u i d sample 

G.M., tube. A l l samples were i r r a d i a t e d close up to the D,T 
target thus giving a neutron bombarding energy of 14.7 £ 
0.5 Mev. 

a) ^ P e f n . t ) 5 8 " 1 ^ %nd ^ F e f n , 2 n ) 5 5 E e reactions. 

I n a preliminary bombardment, iron granules were i r r a d i ­
ated for 30 minutes, and then placed between two ^ -ray 
s c i n t i l l a t i o n c r y s t a l s set on the 0.51 Mev photopeak and also 
connected i n coincidence. The decay was followed and ^ -ray 
spectra were taken from time to time on the Laben multichannel 
analyser. The coincidence channel revealed both an 8*9m 
a c t i v i t y and a 155m a c t i v i t y , but no 21m Mn. By using 
spectrum handling equipment,associated with the multichannel 
analyser,photopeaks ascribed to ^Mn, 56Mn and 5 3 F e were 
observed, but none c h a r a c t e r i s t i c of Mn could be seen. 

5 2 mMh emits positrons i n 92$ of i t s decays (1% electron 
capture). These are i n coincidence with a 1.434 MeV -ray 
to the ground state of ̂ C r . I t was considered therefore, 
that by counting coincidence between two ]j -ray s c i n t i l l a t i o n 
c r y s t a l s , one set on the 1.434 Mev photopeak and the other on 
the 0.511 MeV photopeak, the 5 8 mMn a c t i v i t y would be counted 
p r e f e r e n t i a l l y i n the coincidence channel. 

Two i r r a d i a t i o n s were c a r r i e d out; one i n which a 2.1 cm 
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diameter iron f o i l (0.5g) and another i n which 1 g of iron 
granules were irradiated close up to the target for 20 minutes. 
The samples were then sandwiched "between aluminium plates to 
ensure annihilation of the positrons, and counted between a 
3" x 3" and a l ? " x 1" $-ray s c i n t i l l a t i o n c r y s t a l . The 
separation between the source and the can of the large and 
small c r y s t a l was 0.4 and 0.5 cm. respectively. 

The large c r y s t a l was set to count the 1.434 Mev photo-
peak while the other was set on the 0.51 Mev photopeak. 
Both channels had a dead time of lO^iS and the resolving time 
of the coincidence mixer was 0.3yu.S . This, and the delay 
between the two channels, was again previously determined 
using a source since the decay scheme of the nuclide i s 
s i m i l a r to that of 5 2 r v . The decay of the sample was f o l l ­
owed as described for 500 minutes. 

The single and coincidence channels a l l showed a weak 
56 

short l i v e d component and a strong contribution from 155m Mn. 
Unfortunately the large s t a t i s t i c a l scatter of the readings 
from the coincidence channel made these results, unusable. 
Straight l i n e plot analysis applied to both of the single 
channels, however, revealed a 20 minute component i n the 
1.434 MeV channel and a 9 minute component from the 0.511 Mev 
channel. The counting e f f i c i e n c e s of the channels were 
determined by comparison of calculated e f f i c i e n c e s (found 
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42 using the data of Crouthamel and the absorption curves of 

62 
Davisson and Evans ) with the experimental e f f i c i e n c y ob-

22 

tained for a standard Na source counted under s i m i l a r con­
di t i o n s . The threshold settings of the large c r y s t a l were 

22 
reduced to include the 1.28 Mev photopeak of Na. 

Below are set out the 0 .51 MeV and 1.434 Mev ^ -ray 
channel equations for 5 3 F e and 5 2 mMn respectively. The 

22 

corresponding equations for Na together with the notation 
used have been previously described i n Part 1 of t h i s chapter. 
0 .51 MeV channel 

5 3 F e 

H = Mo[s . ( S r P 0 # 5 1 + a.£a. P 0^ 5 1 d - % # 3 8 3 ) 

+ (2.(3>3.oC1. p0.5( ( i - T(.m)+ |&3.aC1. T (°^(l - 2,(^.^.5,)) 

+ (2.(2) g.^g. P 0 . 5 i ( l - T 0.<, ( S)(1 - T0.3»3) 

+ p 3 - * 2 - CI " T 0 . w ) ( l - 2(T 0. S J- P 0 . 5 | ) ) ] , 

= 0 . 4 9 5 , j 3 2 = 0 . 3 7 , j 3 3 = 0 .11 

0L% = 0 . 4 5 , oL2 = 0 . 5 5 . 

where ^ i s the percentage of decays from an energy l e v e l v i a 

a p a r t i c u l a r $ -ray. 
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53 The calculated effi c i e n c y for pe from comparison with 

'Na was 0.0625. 

1.434 Mev channel 
Mn 

i-tyf-1 ~ 2 To-5f 

Px = 0.92, p 2 = 0.015 

S i 8 8 °- 9 3' &2 = °' 0 2' S"3 = ° * 0 3 

where £ i s the percentage of decays of a nuclide by positron 
emission and electron capture events to a p a r t i c u l a r energy 
l e v e l of the daughter product. 

The calculated e f f i c i e n c y for Mn from comparison with 
g o 

Ha was 0.0405. 

b) ^ e f n . t ) 5 8 ^ and " g e f n . p ) 6 4 ^ . 

56 
After the decay of Mn,the long l i v e d a c t i v i t i e s which 

remain i n a manganese source prepared from iron irradiated 

with 14 Mev neutrons are 6 2 gMn (5.7d) and ̂ Mn (314d). Since 
5 8 gMn emits positrons i n 29% of i t s decays, the remaining 71% 

54 
being electron capture events, while Mn decays e n t i r e l y by 
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electron capture, under an end-window counter the former w i l l 
he counted with the greater e f f i c i e n c y . 

Two runs were carried out i n which about 2.5g of iron 
granules were ir r a d i a t e d close to the target for 90 minutes. 
After an i r r a d i a t i o n the granules were thoroughly mixed and 
0.5g taken for use as the monitor. The remainder were 
treated as described below. 

Carrier solutions. 

Manganese and chromium c a r r i e r solutions were prepared 
by dissolving 'AnalaR' grade Mn Cl2« 4 HgO and Crclg. 6 HgO 
i n water to give concentrations of about 5 mg mi~\ 

I s o l a t i o n of manganese. 

Step 1. The irradiated iron granules were placed i n 
a beaker together with 2 ml of each of the c a r r i e r solutions, 
and dissolved on heating with concentrated hydrochloric and 
n i t r i c fields. 

Step 2. A few drops of hydrogen peroxide were added 
to ensure complete oxidation of the iron to iron ( i l l ) and 
the solution was evaporated to a small volume. I t was then 
made up to 30 ml and adjusted to 8M" i n hydrochloric acid. 

Step 3. Pour extractions with di-isopropyl ether (pre­
viously equilibrated with 8N hydrochloric acid) were carried 
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out to remove the iron. On t e s t i n g with potassium thio-
cyanate the aqueous phase was found to he free of iron. 
The organic phase was discarded. 

Step 4. The aqueous phase was heated on a water hath 
to remove ether and then evaporated to reduce the volume. 
Sodium hydroxide was added to the hot solution followed "by 
hydrogen peroxide to precipitate manganese dioxide. 

Step 5. The manganese dioxide was washed with water, 
dissolved i n concentrated n i t r i c acid and hydrogen peroxide, 
and reprecipitated from a b o i l i n g solution on the addition 
of excess potassium chlorate. The precipitate was washed 
and mounted on a glass f i l t e r pad i n the usual way. 

Counting techniques. 

The manganese sources were counted under an end-window 
proportional counter and the decay followed for several weeks. 
No component with a h a l f - l i f e of 5.7d was observed, the only 

56 54 a c t i v i t i e s present being those of Mn (155m) and Mn (314d). 
A t y p i c a l decay curve i s shown i n pig. 34. The e f f i c i e n c y of 
the counter for KMn and Mn was calculated using the method 

46 
of Bayhurst and prestwood and an upper l i m i t w as estimated 

54 52s: 
for the cross-section of the reaction Pe(n,t) sMn together 
with an estimate of the value of the cross-section for the 
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reaction 5 4Fe(n,p) 5 4Mn. 

Results and comparison with other work. 

The values of the cross-sections measured are presented 
i n Tables 7 to 11. The value obtained f or the ^Fe^t) 5 2" 1!©! 
cross-section of 2.66 + 0.42 rab i s higher than, but of the 

66 

same order as, that found by Chittenden et a l of 0.6 + 0,1 mb. 
These workers ir r a d i a t e d ^FegOg (96.66% e) and followed the 
decay of the r e s u l t i n g a c t i v i t i e s on an end-window pro­
portional counter. 

Other values reported i n the l i t e r a t u r e are some two 
72 

orders of magnitude snPaller. Baerg and Bowes found an 
upper l i m i t of 75 ̂ .b at 14 Mev for the reaction leading to 

22 
the ground state while Heinrich and Tanner , using tritium 
measuring techniques, obtained a value of 120jx^ at 16 MeV for 
the combined reaction to both states. These are lower than 
the upper l i m i t for the cross-section of the reaction leading 
to the ground state of 52Mn (estimated as ^ 0,31 mb). 

52 
The spins of the excited and ground states of Mn are 

2 and 6 respectively and therefore i t i s surprising that the 
IQgfter spin state appears to have the higher cross-section. 

Possible explanations for the discrepancy are poor 

counting s t a t i s t i c s (the count rate of 52nW was l e s s than 5% 



of the "background count rate of Mn), or a contribution from 
53 53 the a c t i v i t y of Fe. The decay scheme of Fe from the 

71 
Nuclear Data Sheets includes a low percentage of high energy 
^ -rays which might have been detected inthe 1.430 MeV 
channel. However, standard % -ray s p e c t r a 4 3 of 5 3 P e do not 
show photopeaks corresponding to these ^ -rays. 

A straight l i n e plot analysis of the decay curves wsa 
carried out using both 9 minute and 21 minute h a l f - l i v e s 

53 5 2m 
corresponding to Fe and Mnj a t y p i c a l pair i s shown i n 
Pig. 3§ and F i g . 36. The curved p o r t i o n of the curve ob­
tained when the 9 minute h a l f - l i f e was used indicates that 
t h i s value i s too short while that obtained with the 21 minute 
h a l f - l i f e i s reasonably s t r a i g h t . This would indicate that 
only a very small proportion of the count rate attributed to 

Mn can be due to Fe. 
The large negative Q values for the (n,nd) reactions 

eliminate any contribution from t h i s process at t h i s energy. 

The value for the ^ F e f n ^ n ) 5 3 ^ cross-section of 8.90 ±. 
0.03 mb obtained here i s supported by other workers; Depray 
et a l . 7 4 (7 + 0.7 mb at 15 MeV.), Chittenden et a l . 6 6 (7.9 + 
0.8 mb at 14.8 Mev), A l l a n 7 5 (10 + 4 mb), Neuert and P o l l e h n 7 6 

( 1 1 + 1.5 mb) and Carles (10 + 5.6 mb) a l l at 14 Mev. The 
78 

value of 14.4 * 0.3 mb at 15 Mev obtained by Rayburn appears 

to be rather high. 
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The rough estimate of 371 + 40 rah for the value of the 
e(n,p)5*Mn cross-section is in approximate agreement with 

79 
the values of Al l a n (382 + 13 mh at 14 Mev) and March and 

OA 

Morton (376 +_ 50 mh at 13.5 Mev) hoth using nuclear emulsion 
81 

techniques. The di r e c t measurements of storey et a l gave 
333 +_ 67 mh at 14 Mev and 561 + 112 mh at 15.7 Mev. The 

77 
values of Pollehn and Neuert (254 28 mh at 14.1 Mev), Cross 
et a l . 8 2 (310 + 25 mh at 14.5 Mev) and Martin and Ma r t i n 8 3 (291 
+ 18 mh at 14.7 Mev), a l l measured using activation techniques, 
are lower than that obtained here. 

Estimation of errors. 

The reactions were measured r e l a t i v e to a value of the 
56 56 

Fe(n,p) Mn croBS-section which had an estimated e r r o r of 
+ 5.5%. In the case of the 5 4 F e ( n , t ) c r o s s - s e c t i o n 
errors of up to + 15% were possible from the graphical analysis 
of the decay data excluding the e f f e c t of any contaminating 
a c t i v i t y as mentioned above. The error i n the estimation of 
the e f f i c i e n c y of the 1.484 Mev % -channel should not be more 
than +^10%. The error on t h i s value should not therefore be 
more than + 20%. 

Ho 5.7d a c t i v i t y from the decay of the ground state of 
CO 

Mn was observed and the upper l i m i t for the cross-section 

quoted has an estimated error of £ 50%. 
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53 54 53 The pe a c t i v i t y from the pe(n,8n) Ee reaction was 

22 
measured r e l a t i v e to a standard Na source. The error i n 
the standardisation of t h i s source was + 2$ and the to t a l 
error i n the comparison should not "be more than + 5%. The 
graphical analysis made should have an error of l e s s than 2$. 
This gives a t o t a l of + 7% for the cross-section. 

54 / .54 
The value of the cross-section for the pe(n,p) Mn may 

he i n error by up to 50% a r i s i n g from the weak i n t e n s i t y of the 
a c t i v i t y , (only twice "background),and the estimation of the 
efficien c y of the proportional counter for the Y-rays of ̂ Mn. 



I r r a d No. of Chemical Counter 
No. target Y i e l d E f f . 

nuclei 
x N"1 ( % ) 

56 56 

Tat>le 7. Data for reference reaction ge(n p) Mn. 

K71 7.036 x 10~ 3 83.33 0.0767 

K74 1.674 x 10~ 2 39.42 0.0767 

K77 3.290 x 10~ 2 11.12. 0.0767 

K78 3.356 x 10~ 2 0.9782 0.080 

K i s Avogardro's No. XMXI 5 6 = 0.004472 min' 1 Fe 5 6(n,p)Mn 5 6 

Tatole 8. Results for ̂ geCn, t ) 5 2 mMn. 

K71 4.483 x 10"*4 100 0.041 

K74 1.067 x 10" 3 100 0.041 
Aim 5 2" 1 = 0.03301 min" 1 

54_ 53 Ta~ble 9. Results for TTe(n,2n) ge. 

K71 4.483 x 10" 4 100 0jl625 

K74 1.067 x 10~ 3 100 01)621 

A 5 3pe = 0.07789 min" 1 

Ao 
Obs. 

(c.p.m.) 
Ao 

correct 
(d.p.m.) x 10 -6 

Measured 
cross 

section 
(tab) 

Mean 

3.36 x 10 5 5.26 x 10 6 

1.99 x 1 0 5 6.60 x 1Q6 

2.75 x 1 0 6 3.23 x 10 7 

1.81 x 1 0 4 2.31 x 10 7 

3.60 

1.51 

4.49 

3.20 

98.3 tab 

1,790 

2,690 

4.,37 x 10 4 

6.56 x 10' 4 

2.79 

1.14 

2.24 

3.08 
2.66 + 0.42 

1.80 x 10 4 2.88 x 10 6 

2.13 x 10 4 3.43 x 10 5 

1.95 

0.781 

83.92 

8.87 
8.90 + 0.03 



I r r a d . No. of Chemical Counter 
No. target Y i e l d e f f . 

nuclei ( % ) 

x N*1 

Table 10. Results for 5 4 f f e ( n , t ) 5 8 g M n . 

K77 2.096 x 10~ 3 86.7 0.10 

K78 2.138 x 10~ 3 76.3 0.10 

X Mm525 = Q.00008445 min"* 

54 / vB4 Table 11. Results for Fe(n»p) Ma. 

K77 2.096 x 1Q~3 86.7 0.015 

—3 
K78 2.138 x 10 76.3 0.015 

X 54Mn = 1.533 x 10~ 6 mln*1. 

Ao. Ao. S Measured Mean 
o"bs. correct _ g cross 
(c.p.m.) (d.p.ra.) x 10T section 

(tab) 

< 10 

•< 10; 

< 115 

< 130 

5.45 

3.89 

< 0.24 

< 0.38 
< 0.31 

38 4400 5.47 331 
371 + 40 

30 3932 3.91 412 
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Part 3. 

I r r a d i a t i o n of oxygen, nitrogen and fluorine. 

The reactions studied were:-

1 4 ] ? r (n,2n) 1 3N (t± = 10»0 + 0.1m) Q = -10.553 MeV. 
2 — 

1 9 P (n,2n) (tj. = 110 + 3m) Q = -10.442 MeV* 
2 " ~ 

1 6 0 (n,p) 1 6 I F ( t i = 7.35s) Q = -9.626 MeV. 
2 

13 18 
The h a l f l i v e s of N and P were measured,the values 

obtained being shown above; a l l the decay schemes and the 
h a l f l i f e of 1 6N, were taken from the Nuclear Data She e t s 7 1 . 

An accurate knowledge of the values of cross-sections 
of nuclear reactions induced by neutrons i n oxygen and n i t ­
rogen i s required i n nuclear reactor technology. The more 
important of these i n t h i s f i e l d are A O o (n,p) N and 

N (n,2n) N, "both of which have been measured here. 

16 

Since N has a short h a l f - l i f e coupled with a complex 
decay scheme i t was decided to compare the count rates ob-
tained from N and N on i r r a d i a t i o n of a f o i l containing 
both nitrogen and oxygen. By i r r a d i a t i n g and counting 
differen t thicknesses the actual r a t i o s of a c t i v i t i e s should 
be obtained by extrapolation to zero thickness of f o i l , and 
thus the r e l a t i v e values of the cross-sections could be c a l -
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culated. The 1 4N (n,2n) 1 3N cross-section was f i r s t meas-
56 56 

ured r e l a t i v e to the pe (n,p) Mn reaction, a value f or 
19 18 

the F(n,2n) F cross-section "being arrived at i n the process. 
F o i l s of cellulose n i t r a t e of thicknesses 0.003", 0.004" 

and 0.005" were obtained from B.X. P l a s t i c s Ltd., and sent 
to the Microanalytical Laboratories, Oxford, for analysis of 
hydrogen, carbon and nitrogen. The r e s u l t of the analysis 
i s shown i n Table 12, the values for oxygen being obtained 
by difference. The mean values for the three samples were 
used i n calculations. 

Table 12. Analysis of ce l l u l o s e n i t r a t e f o i l . 

p o i l thickness % content 
(0.001") C H N 0 

3 39.06 4.93 8.48 47.53 
4 39.98 5.12 8.54 46.36 
5 39.73 5.11 8.56 46.60 

Mean 39.59+0.28 5.05+0.06 8.53+0.03 46.83+0.40, 

14 13 19 18 Measurement of N(n,2n) N and p(n,2n) P reaction;, oross-
sectiona. 

Although 1 3N i s a pure positron emitter ( 1 0 0 % t h e 
low a c t i v i t y obtained from the i r r a d i a t i o n of cell u l o s e n i t r a t e 

22 
prevented a d i r e c t comparison with a standard Na source, by 
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18 

counting annihilation y~ray coincidences. P was therefore 
used as a secondary standard, since t h i s i s also a pure posit­
ron emitter (97% (3 + , 3% E.C.), and can he obtained i n high 
a c t i v i t i e s from the p(n,2n) p reaction. 

13 18 

Direct comparison of N and P a c t i v i t i e s was made on 
a single s c i n t i l l a t i o n c r y s t a l set to count the annihilation 

18 
photopeak, the strength of the p source being determined 

go 
r e l a t i v e to a standard Na source by coincidence techniques. 

Experimental procedures. 

Discs of c e l l u l o s e n i t r a t e , Teflon ((Cg F 4 ) n ) , and iron, 
2.1 cm in diameter were irr a d i a t e d as a stocked f o i l 2.5 cm 
below the target block i n a l i g h t polythene holder. The 
energy of the activating neutrons was taken as 14.8 + 0*1 Mev. 
Seven ir r a d i a t i o n s of 30 minutes duration were made. 

After the i r r a d i a t i o n the iron discs were dissolved i n 
di l u t e hydrochloric acid and made up to 25 ml of which 10 ml 
was counted i n a calibrated l i q u i d sample G.M. tube as des­
cribed i n Appendix A. 

The c e l l u l o s e n i t r a t e d i s c s were sandwiched between 
aluminium absorbers and placed 0.5 cm from a l£" x 1" Nal(Tl) 
s c i n t i l l a t i o n c r y s t a l spectrometer set on the 0.51 MeV photo-

13 
peak. The decay of N was followed for 6 h a l f - l i v e s , a f t e r 
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which the dis c s of ce l l u l o s e n i t r a t e were replaced by one of 
18 

Teflon, and the p from t h i s counted under i d e n t i c a l condit-
13 18 

ions. No a c t i v i t i e s other than N and F were observed i n 
the sources. 

The Teflon disc and absorbers were subsequently counted 
between two l£" x 1" s c i n t i l l a t i o n c r y s t a l s both set on the 
0.51 MeV photopeak, t h e i r separation being 4.2 cm. Comparison 

22 
was made with the coincidence rate of a standard Na source, 
counted under i d e n t i c a l conditions. The delay and mixer 
resolving time of the coincidence unit were previously deter-

22 
mined using the Na source. 

Correction was made to the coincidence rates for back­
ground, random coincidences, and single channel and mixer 
dead time as described i n Chapter 2. The coincidence equat-

18 62 ion for p i s i d e n t i c a l with that for Cu, except for the 
substition of the value of £> a (here 0.97), as i s set out 
together with the equation for 2 2Na, i n Part 1 of t h i s chapter. 

22 18 

The measured r a t i o between the counting e f f i c i e n c e s ( Na/ P) 
was 0.916. 

Results and comparison with other work. 

The values of the cross-sections measured are shown i n 
Tables 13 to 15. I n calculating the mean value for the 
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N;(n,8n) N cross-section the value of 8,98 mb from i r r a d ­

i a t i o n 3 has "been ignored since i t i s more than f i v e 
standard deviations from the mean of the remainder of the 
set. No explanation can he offered to cover t h i s d i s p a r i t y . 

Table 16 shows the values for cross-sections found i n 
the l i t e r a t u r e together with those of the present work; 
7.42 + 0.47 mb for 1 4N(n,2n) 1 3N and 52.1 + 3.3 mb for 
19 18 

p(n,2n) p. prom the reported excitation function of both 
90 

reactions the value of the cross-sections can be seen to 
r i s e rapidly over the neutron energy range 14 - 15 MeV; care 
i s therefore necessary i n quoting neutron energies. Both 
values for the cross-sections measured here l i e towards the 
centre of the scatter of quoted values (some of these having 

79 
large errors) and agree c l o s e l y with the work of Rayburn 
who used s i m i l a r techniques. His values were measured r e l a -
t i v e to 503 mb for the Cu(n,2n) Cu cross-section at 14.4 
MeV which i s lower than that indicated by the present value 
of 550 mb at 14.8 MeV. A somewhat higher value for both 
cross-sections would therefore be expected on extrapolation 
to 14.8 MeV. The r a t i o of the cross-sections agrees within 

79 
the errors with that found by Rayburn and Cevolani and 
p e t r a l i a 2 4 . 
Estimation of errors. 

The errors quoted i n Tables 14 and 15 are standard errors 
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of the means of the r e s u l t s . The actual errors were estim­
ated as follows:- (1) 5 6Pe(n,p) 5 6Mn reference cross-section 

22 
5.5%; (8.) standard Ka source 2%; (3) graphical decay analysis; 
1%; (4) nitrogen content of the sample 0.5%. This gives a 
t o t a l error of + 6.3% for both cross-section values. 



I r r a d . Na of Ao Ao S 
No. target obs. corrt. 

Nuclei c.p.m. d.p.ra. 
x ~ - x I C f 4 x i o r 5 

Table 15. Data for the reference reaction ^ g e C n , ? ) 5 6 ^ . 

1 6.996 2110; 6.53 10.83 

& 7.060 1110 3.4S 5.015 

3 7.070 5050 15.6 18.70 

4 7.060 2100 6.49 7.484 

5 7.047 730 2.26 2.888 

6 7.080 706 2.18 2.550 

7 7.031 118© 3.65 4.192 

5 6Fe(n,p) 6 6Mn <J- = 

Counter E f f i c i e n c y 

Dilution factor = 

98.3 tnb. N 

= 0.0767 x 1.055 

0.4 \ 5 6&< = 

= Ayogardro's No. 

= 0.0809 

0.004472 min" 1 



I r r a d . No. of Counter Ao 
No. target e f f . obs. 

nuclei ( o f^ c..p.m. 
10 3 

x — 
Ao 

co r r t . 
d.p.m. 

S Measured 
cross. —5 

x 10 section (m-b) 

Mean 

14. 13. 

1 3,807 6.53 1140 1.74 X 10 4 4.525 7. 40 
2 3.806 6.54 652 9.97 X 1 0 S 2.163 7.93 
3 3.809 6.88 2930 4.26 X 10 4 6.694 (8.98) 7.42 (8.98) 

+0.13 
4 3.808 7.08 1230 1.74 X 10* 3.304 7.14 

+0.13 

5 3.780 7.20 414 5.75 X i o a 1.222 7.11 
6 3.780 7.19 368 5.12 X 1 0 S 0.9310 7.64 
7 3.778 7.30 731 1.00 X 10 4 1.862 7.29 

X 1 3N = 0.06932 min" •1 

Table 15. Result a for the 1 9 ] ?(n,2n) 18 P reaction. 

1 35.46 0.152 371 2.44 X 10 6 10.55 53.8 
2 35.46 0.158 201 1.27 X 10 4 4.887 53.7 
3 35.46 0.154 855 5.55 X 10 5 18.14 51.9 52.1 

+ 0.6 
4 35.46 0.157 353 2.25 X 10 5 7.297 50.3. 

+ 0.6 

5 35.45 0.159 131 8.24 X 10 4 2.813 52.9 
6 35.46 0.159 123 7.74 X 10 4 2.467 52.0 
7 35.45 0.160 203 1.26 X 10 5 4.089 49.8 

\ 1 8 P = 0.006189 min" 1 



Table 16. Collected values of cross-sections for the 
M N ( n , 2 n ) 1 5 N and 1 9 F ( n , 2 n ) 1 8 F reactions. 

MN(n„2n) 1 3& 1 9 F ( n , 2 n ) 1 8 F Heutron Ratio Reference 
energy 

G~ (mb) <T (nib) (MeV) 
o- p 
<r N 

84 
3 #4 + i _ 14.0 — Dudley et a l . 

5.4 + 0.46 38.9 + 2.3 14.1 7.2 Cevolani and 
- ~ p e t r a l i a . 

5 + 1 43 + 4 14-3 8.6 Heertze et a l . . 

5 + 1 60 + 20 1 4»° 12.0 B r i l l et a l . 8 ^ . 
7 

5.67 + 0.85 60.6 +_ 18.2 I 4 * 7 1°» 7 Paul and Clarke . 
70 

5.18 + 0.6 — 13.77 - Ferguson . 
70 

8.69 £ 0.9 — 14.74 — Ferguson . 
79 

7.41 + 0.59 51.9 + 3.7 I 4 . 4 7.0 Rayburm . 
— 56 + 7 14.18 — Picard and a f l ~ Williamson °* 

89 
—- 66 + 15 14.5 — Williamson . 

68 

8.38 + 0.17 — 14.8 — G-rimeland et a l . 

6.3 + 0.4 41.2 £ 2.2 14»1 6.6 Bormann et a l . 9 0 . 
8.7 + 0.7 60.2 + 2.2 15.2 i>9 Bormann et a l . 9 0 . 

91 
19 + 10 62 + 9 14«1 3.3 Ashby et a l . . 

7.42 + 0.47 52.1 + 3.3 14.8 7.0 Present work. 
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B. Measurement of the 0(n fp) N reaction cross-section. 

Experimental procedures. 

Various thicknesses of c e l l u l o s e n i t r a t e i n the form of 
2.1 cm diameter d i s c s were irr a d i a t e d for ten minuter-periods 
1.5 cm "below the target block. This arrangement gave an 
e f f e c t i v e activating neutron energy of 14.8 +0.1 MeV. After 
i r r a d i a t i o n they were transported by pneumatic tube to the 
counting room. The t o t a l time for transfer and for placing 
the d i s c s under a counter was 10 seconds. 

—2 
The discs were supported on a 1 mg cm Mylar f i l m s t r e t ­

ched over a 5 cm diameter hole cut i n a normal source shelf 
and counted between two opposing end-window proportional 
counters connected i n p a r a l l e l . These had previously been 
selected as having the same operating voltage. Since the 

—2 
counters were f i t t e d with thin (100 jk g cm ) VYKS windows, 
and together subtended a s o l i d angle of 3.3 IT stergdians i t 
was aissumed that backscattering e f f e c t s would be eliminated 
and any decay scheme coincidence e f f e c t s minimised. 

During an i r r a d i a t i o n the variations i n the neutron f l u x 
were followed using the ORTEC s o l i d state counter (since t h i s 
was more stable than the p l a s t i c s c i n t i l l a t i o n neutron monitor); 
counts were fed to a scaler and recorded at short time intervals, 
by a camera operated by a quartz c r y s t a l timer. Eight one 
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minute time i n t e r v a l s were followed by twenty of s i x seconds. 
The camera operated i n 1.2 seconds during which time the 
sca l e r was stopped. I t was assumed in calculations that 
the neutron f l u x remained constant over each complete cycle 
of the camera. 

The a c t i v i t y of the N and N detected on the twin 
proportional counters was s i m i l a r l y recorded by the camera 
with periods of s i x seconds i n i t i a l l y , then increasing gradu­
a l l y to s i x minutes. 

The decay data were analysed by the stra i g h t l i n e plot 
method with the aid of an E l l i o t t 803 computer; the programme 
u"sed was kindly lent by Professor G. R. Martin. 

Twenty four i r r a d i a t i o n s were c a r r i e d out at s i x d i f ­
ferent thicknesses., 

In order to obtain some indications of any trend i n the 
"lfi 

v a r i a t i o n of the measured value of the 0 cross-section due 
to absorption of the radiations of N and N i n the source 
and supports the following absorption measurements were made. 

16 i n 

N. I t was 'convenient to carry out absorption measurements 
1 fi 

on N d i r e c t l y because of i t s short half l i f e . Therefore 
42. 16 experiments were made on & which, l i k e N, decays, with the 

emission of some |3-particles of high maximum energy. The 
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mean [3 - p a r t i c l e energies are "^N, 2.75 MeV and 4 2K, 1.55 MeV. 

A solution containing 4 2 K was evaporated on a 1 mg cm"2 

Mylar film supported on a 41T - r i n g and counted "between the 
twin proportional counters with and without sheets of c e l l u ­
lose n i t r a t e placed on either side. Correction was made for 
the decay of 4 2 K ( t ^ = 12.45 h) during the measurement. The 

2 —2 —2 source (3.96 rog cm ) , support (1 mg cm ) and a i r gap (0.6 mg 
—2 —2 cm ) gave a mean thickness of 3.1 mg cm to the ^ - p a r t i c l e s 

at zero added absorber thickness. 

13 
N. A suspension of dicyanamide (Cg H4 N4) i n 1 3 6 1 1 2 5 6 1 1 6 w ^ s 

evaporated at the centre of a Mylar fi l m supported on a Perspex 
'4IT -ring'. The dicyanamide was 'fixed 1 with a drop of c e l l ­
ulose n i t r a t e dissolved i n acetone. The sample was irr a d i a t e d 
for periods of 20 minutes and counted between the two propor­
ti o n a l counters as described above. No a c t i v i t y with a h a l f 

13 
l i f e other than that of 10 minutes corresponding to N was —2 —2 observed. The source (2.4 mg cm ) , support (1 mg cm ) and —2 —2 a i r gap (0.6 mg cm ) gave a mean thickness of 2.3 mg cm to 
thej3particles at zero added absorber thickness. 

The absorption curves obtained are shown i n Pig. 37a, the 
values having been normalized to 100% at zero absorption. 

13 
Pig. 37b. shows the var i a t i o n of the r a t i o of N absorption 
to 4 2 K absorption with f o i l thickness. 
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Fig.37. Absorption curves for , 3N and 4 2 K . 



Results and comparison with other work 
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I n Table 17 are presented the r e s u l t s of measurements 
of the 1 6 0 ( n , p ) 1 6 N cross-section r e l a t i v e to the 1 4 N(n,2n ) 1 3 N 

reaction cross-section at s i x different target f o i l thick­
nesses. The mean value obtained at each thickness has been 
plotted against f o i l thickness i n F i g . 38. The trend i n the 
variation of the apparent cross-section with target thickness 
was assumed to be l i n e a r and a straight l i n e through the 
points was drawn from a l e a s t squares analysis of the values. 

The continuous energy d i s t r i b u t i o n of p - p a r t i c l e s from 
13 

a positron emitter, such as N, has a smaller proportion of 
p a r t i c l e s i n the low energy region of the spectrum compared 

1 fi 
with that of negation emitters such as N. At these absor­
ber thicknesses therefore, a higher proportion of /3 - p a r t i c l e s 
from N are stopped than from N. This i s shown i n the 

42 13 
r e l a t i v e absorption curves for K and N (Fig. 37b)j the 

«*2 
r a t i o shows a v a r i a t i o n of 3% from 0 to 18 mg cm absorber 
thickness. From these considerations, at the target f o i l 
thicknesses used, the slope of the var i a t i o n of apparent cross-
section with f o i l thickness would be expected to be negative 
and have a value of a few per cent. The slope of the l i n e was 
found to be -1.3%. The extrapolated value of the cross-
section at zero thickness of the f o i l was 36.2 + 0.4 mb. 

The excitation function for t h i s cross-section obtained 
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92 93 

"by Seeman and Moore and De Juren et a l . show peaks at 
neutron energies of 11.8 MeV, 13.7 MeV, 15.1 MeV and 17 Mev 
with a trough "between 14 and 15 MeV. At 14.8 MeV the value 
obtained here i s i n f a i r agreement with "both these workers, 
De .Juren et a l ? 3 (33.29 + 2.4 mb at 14.76 Mev), Seeman and 
Moore (32.8 + 1.4 at 14.84 + 1.4 Mev) and also with that 
of Kantele and Gardner 9 4 (38.2 + 5 mb at 14.7 MeV) a l l using 

95 
activation methods. L i l l i e , using cloud chamber techniques, 
obtained a value of 35 mb at 14.1 MeV. The e a r l i e r measure-
ments of Paul and Clarke (49.0 + 2.5 mb at 14.5 MeV) and 
M a r t i n 9 6 (89 + 30 mb at 14 MeV) are s i g n i f i c a n t l y higher. 

Estimation of errors. 

The errors quoted i n Table 17 are standard errors of the 
mean of each set of values. The actual error has "been estim­
ated as follows:- (1) Counting s t a t i s t i c s not more than .+ 5$ 
(2) Graphical extrapolation + 2% (3) Oxygen and nitrogen 
content of f o i l s + 1$ (4) Estimated error i n the "ll4N(n,2n)1'3lT 
reference reaction + 6.3%. This gives a t o t a l error of + 8.5$. 



I r r a d . F o i l Ao T f i S Ao S Measured Mean 
No. thickness obs.^S 1 f i ny.R 1 3 w 13~ cross of set 

_2 N 0 * J* " K section rng cm c.p.s. c.p.s. x 1 Q - 5 

_ _ _ _ _ 16„,„ „xl6,T 

419 11.58 306 4411 6.25 1.796 37.7 

574 362 2314 5.04 0.7096 41.6 

580 634 4511 14.3 1.902 33.3 36.5 

634 194 1474 5.43 0.7672 35.0 + 1.5 

648 159 1605 3.92 0.6874 32.9 

420 14.44 483 4370 10.5 1.833 36.6 

562 656 3599 12.3 1.375 38.5 

572 444 2564 9.74 1.028 34.5 36.4 

576 743 4187 14.3 1.650 38.7 + 1.0 

579 720 4360 18.0 1.965 34.0 

421 17.64 533 4058 12.2 1.784 36.2 

581 
633 

1140 
567 

5233 
2521 

22.0 
11.7 

1.868 
1.049 

35.0 
38.2 

35.3 
+ !* 4 

649 287 1609 6.23 0.5910; 31.9 

427 23.20 395 3228 8.72 1.322 35.0 

619 483 1739 11.4 0.8216 38.0 34.5 

646 307 1497 8.71 0.6833 30.3 + 2 * 2 

429 29.20 567 3725 13.2 1.577 34.5 

560 1360 3615 22.4 1.198 37.8 
37.1 

618 1060 2934 20.0 1.101 37.4 + 1.1 
647 681 2162 12.3 0.7999 38.8 



428 31.80 
620 
645 

Ref. cross-section •wllN(n>3n)"fc0N = 7.42 £ 0,47 mb.. 

\ 1 3 N = 1.155 x 10*"3 s e c ? 1 \ 1 6N = 9.432 x 10~ 2 sec? 

Extrapolated, value of 0(n,p) N cross-section at zero 
thickness, = 36-2 + 0.4 mb. 

511 3285 12.0 1.386 33.9 

793 2009 12J.3 0.6871 41.6 35.8 
474 1558 12.8 0.7113 32.1 ±> 2 , 8 
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Part 4. 

I r r a d i a t i o n of Calcium. 

Calcium was irradiated with 14 MeV neutrons i n an attempt 
40 38 

to measure the cross-section for the reaction Ca(n,t) K 
72 

previously reported "by Baerg and Bowes. to have an upper 
l i m i t of 20 Jk "b. The reactions studied were; 
4 0 C a ( n , t ) 3 8 K ( t ± = 7.7ro) Q = -12.933 MeV. 

2 

4 2Ca(n,p) 4 2 K ( t i = 12.5 + O.lh) Q = -2.747 MeV. 
2 ~ 

4 3Ca(n,p) 4 3 K ( t i = 2S.4h) Q = -1.034 MeV. 
2 

^CaCnjp) 4 4 K ( t ± = 22.2 + 0.2m) Q = -5.320 MeV. 
2 

4 8Ca(n,2n) 4 7 C a ( t ± = 4»7d) Q = -9.928 MeV. 

The h a l f l i v e s for 4 2 K and 4 4 K are measured values the others, 
"being taken from the Nuclear Data Sheets. 

Experimental procedures. 

Preliminary i r r a d i a t i o n s (K92, K94) were made i n which 
1.5g quantities of AnalaR grade (Hopkins and Williams Ltd.) 
calcium carbonate were ir r a d i a t e d . The s p e c i f i c a t i o n for 
t h i s chemical gave the impurity from sodium and potassium as 
l e s s than 0.05%, "but t h i s was found to "be s u f f i c i e n t for 3 8 K 

39 38_ 
a c t i v i t y , a r i s i n g from the reaction K(n,2n) TC on the con-
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taminating potassium, to mask that from the Ca(n,t) K 
reaction. G-ranular calcium metal of 99.9% purity was ob­
tained from Koch-Light Ltd. (Batch No. 36236), the chemical 
sp e c i f i c a t i o n of which indicated i t to he free from potassium. 
Four i r r a d i a t i o n s were made with 0.5g samples of t h i s material 
placed close up to the D,T target for durations of 8 — 20 
minutes. 

A l l cross-sections were measured r e l a t i v e to the 
Fe(n,p) Mn cross-section as previously described. The 

samples were sandwiched between two 2.0 cm diameter discs of 
iron f o i l ; the l a t t e r being wrapped i n polythene to prevent 

53 
transfer of r e c o i l products (9m Fe could possibly i n t e r -

38 

fere i n the detection of 8 m K especially since both are 
positron emitters). The whole sample was contained i n a 
polythene capsule and ir r a d i a t e d close to the target. The 
separation of the f o i l s was 0.3 cm, while the distance be­
tween the f i r s t f o i l and the target segment was 0.3 cm. This 
arrangement gave a neutron bombarding energy of 14.7 + 0.5 Mev 
with deuterons of 220 kev energy incident on the target. 

The iron f o i l s were weighed and enough pure iron was 
added to bring up the weight to 1 g. I t was then dissolved 
i n 40 ml of the standard acid mixture and made up to 500 ml 
with d i s t i l l e d water; t h i s was then equivalent to the 250 ml 
di l u t i o n of Appendix A. A correction was made to the obser-
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ved a c t i v i t y of the iron, to obtain the neutron flux at the 
position of the calcium, "by applying the foil/granule r a t i o 
also determined as described i n Appendix A. 

Preparation of c a r r i e r solution. 

A suitable c a r r i e r solution for potassium was made by 
dissolving KCl i n water. The solution contained about 2.5 
mg ml^of c a r r i e r . 

Separation of potassium. 

Step 1. The calcium carbonate or metal was placed i n 
a conical f l a s k containing 2 ml of potassium c a r r i e r solution 
with a few mg each of pe Clg and NaNOg to act as hold-back 
c a r r i e r s for iron ( pe) and nitrogen ( N possibly a r i s i n g 

"14. 1 

from the N(n,2n) N reaction on atmospheric nitrogen). 
3 ml of 6N hydrochloric acid were added, and the solution 
boiled to ensure complete dissolution, chemical exchange and 
the removal of any argon formed from (n,oC) reactions on 
calcium. 

Step 2. The solution was diluted with 150 ml of i c e -
cold water to make i t l e s s than 0.1 N i n hydrochloric acid 
and 15 ml of &f0 sodium tetraphenylboron solution added to 

97" 
precipitate the potassium 



I l l 
Step 5. The precipitate was car e f u l l y washed with 

water, acetone and ether and mounted on a pre-weighed glass 
f i l t e r disc i n the usual way. The time for t h i s procedure 
was about 10 minutes. 

Separation of calcium. 

Step 1. The f i l t r a t e from the potassium procedure was. 
boiled down to reduce the volume and made j u s t neutral with 
the addition of di l u t e sodium hydroxide solution. 

Step 2. Excess oxalic acid solution was added to pre­
c i p i t a t e the calcium which was then washed and dried at 80°C. 
The calcium oxalate was then packed into a semi-micro t e s t 
tube and counted i n a well type Nal(Tl) s c i n t i l l a t i o n c r y s t a l . 

Counting techniques. 

38 
K was the only possible positron emitter i n the potassium 

sources. Therefore, i n an attempt to distinguish any a c t i v i t y 
38 

of K from the other potassium a c t i v i t i e s present, the pot­
assium source was placed between two Nal(Tl) y~ray s c i n t i l ­
l a t i o n c r y s t a l s both set on the annihilation photopeaks. 
Coincidences between the two c r y s t a l s were counted using a 
coincidence u n i t , the setting of delay and mixer resolving 
time (0.3^Xs) being previously determined with the aid of a 
22 
Na source. Aluminium plates were placed on each side, and, 
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to obtain maximum counter e f f i c i e n c y , the c r y s t a l s were 
arranged to touch the aluminium plates; t h e i r separation was 
then 1.2 cm. 

To obtain the absolute counting effic i e n c y d i r e c t com­
parison was made with the coincidence rate from a standard 
22 
Na source counted under i d e n t i c a l conditions. The decay 

pp 
schemes of Na and K being regarded as s u f f i c i e n t l y sim­
i l a r , no corrections were made i n comparing the coincidence 
rates other than for the percentage of positron emission. 
Corrections were made to the coincidence rate for the single 
channels p a r a l y s i s time, the resolving time of the mixer and 
random coincidences i n the usual way. The coincidence decay 
was followed as described for 500 minutes. 

42 43 44_ The a c t i v i t i e s of K, K and ̂ £ were measured by 
counting the potassium source under an end-window proportional 

42 44 
counter. Those of K and K were determined by the usual 

43 
curve stripping while that of K was found by straight l i n e 
a n a l y s i s of the decay data using the method outlined i n 
Chapter 3. The counter e f f i c i e n c y for had been obtained 

4.P A,1** 
d i r e c t l y from the ca l i b r a t i o n runs of K, while those for K 44 46 and K were estimated by the method of Bayhurst and Prestwood 

In one i r r a d i a t i o n (KlOl) the i n i t i a l a c t i v i t y of was 
estimated from the single channels of the y -ray s c i n t i l l a t o r s 



113 
"by d i r e c t comparison with l a t e r i r r a d i a t i o n s (K102, K104, 
K106). 

48 
The i n i t i a l a c t i v i t y of Ca i n the calcium sources was 

estimated "by counting the source on a well-type s c i n t i l l a t i o n 
c r y s t a l set on the 1.30 MeV photopeak (>1.15 Mev). The 
source was placed inside a "brass, walled cylinder of 1.03 g cm 
thickness to prevent any |3 - p a r t i c l e s entering the c r y s t a l . 
The counting effic i e n c y was estimated from the work of Redon 

44 42 ./ et a l . and Grouthamel whilst Y -ray absorption data was 
62 

taken from Davisson and Evans 

The equation used to determine the ef f i c i e n c y i s shown 
below; the notation i s described i n Part 1 of t h i s Chapter. 

4 7 C a 

N = N o p x [ p 8 . P 1 > j J 0 + p g . P 0 # 8 . P 0 - 6 ] 

p> x = 0.82, p> 2 = °« 9 3» |3 3 = ° - 0 7 ' 

The calculated e f f i c i e n c y i s 0.0257. 

Results and comparison with other work. 

In Tables 18 to 23 are presented the r e s u l t s of measure­
ments on the cross-sections. 

The value of 5.8 + 1.1 jxlo for the 4 0 C a ( n , t ) 3 8 K reaction 
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I s based on the f i r s t one or two points of the i n i t i a l part 
of the decay curve observed i n the coincidence channel which 
la y above a l i n e of 22.3 m slope drawn through the remainder. 
A t y p i c a l curve i s shown i n F i g . 39. Previous values of t h i s 

cross-section are ^-0.1 mb (weigold and Glover ) and < 0.02 mb 
72 99 (Baerg and Bowes ) . Khurana and Govil quote a value of 

20 + 4 mb which must be regarded as extremely high. 

AO 4.0 
The value of 148 + 7 mb for the Ca(n,p) K reaction 

agrees with that of 140 +_ 45 mb by H i l l e 1 0 0 , and l i e s between 
101 

the values of 120 + 12 mb by Cohen x x and 160 + 30 mb by 
102 

Levkovskii , and i s therefore well supported. 
No previous measurement has been found for the Ca(n,p) K 

reaction and the value here of 100.2 + 3.7 mb would seem 
reasonable compared with i t s neighbours. 

40.4 + 1.5 mb for the ^ E a f a j p cross-section again 
agrees f a i r l y well with the values of H i l l e 1 0 0 , 25 + 12 mb, 

102 
and Levkovskii ,37 + 7 mb, but again that quoted by Khurana 

QQ 
and Govil (91 + 20 mb) i s much higher. 

48 47 

The value of 868 + 67 mb for the Ca(n,2n) Ga cross-
section agrees within the errors with the two previous meas­
urements, 1070 + 360 mb ( H i l l e 1 0 0 ) and 920 + 184 mb ( H i l l m a n 1 0 3 ) 
the errors on a l l of these being rather large. 
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Estimation of errors. 

The errors i n the values quoted above were standard 
errors of the mean of the r e s u l t s . 

40 38 
The main error i n the Ca(n,t) K reaction a r i s e s i n 

the estimation of the i n i t i a l a c t i v i t y which may he i n error 
"by as much as + 50% on such poor data and thus a value of 
6 + 3)ytb i s quoted. 

For the 4 2Ca(n,p) and 4 4Ca(n,p) cross-sections, an error 
of + 1% i s estimated from the graphical determination of the 
i n i t i a l a c t i v i t y , while the c a l i b r a t i o n of the proportional 
counter i s 3%. The error i n weighing and i n the volumetric 
ware are both l e s s than 1%. The reference cross-section 
error has previously been quoted as 5.5%, which gives a t o t a l 
error of + 6.5% for these cross-sections* 

43 
The a c t i v i t y of K was low, and the error i n the i n i t i a l 

a c t i v i t y i s estimated to be + 5%. The remaining errors are 
as those quoted above and give a t o t a l error of + 8^ for this-
cross-section. 

47 
The error i n the Ca. a c t i v i t y again a r i s e s from the very 

low count rates (of the order of only twice background i n i t i ­
a l l y ) , and also from the estimation of the counter e f f i c i e n c y . 
Both of these have been taken to be + 10% which,with the other 
errors quoted above^glve a t o t a l of + 15%. 



I r r a d . No Ao Ao 
No. target obs. corr t . 

nuclei c.p.m. d.p.m. 
x N 

56 56 
Table 18. Data for the reference reaction Fe(n,p) Mn. 

K92 1.412 x 10" 2 7.65 x 10 3 4.56 x 10 6 2.062 x 10* 

K94 1.387 x 10" 2 5.25 x 10 3 3.13 x 10 6 9.204 x 101 

K l O l 1.385 X 10~ 2 1.70 x 10 4 1.01 x 10 7 3.059 x 10* 

K102 1.414 X 10" 2 1.37 x 10 4 8.16 x 10 6 2.314 x 10i 

K104 1.424 x 10"*2 5.53 x 10 4 3.29 x 10 6 9.831 x 101 

K106 1.297 x 10" 2 5.70 x 10 3 3.40 x 10 6 1 , 0 6 7 x 1 C > € 

56 56 
N i s Avogardro's No. , <r Fe(n,p) Mn = 98.3 mb. 

tj. 56Mn = 155m., \ 5 6Mn = 0.004472 min"1. 

Counter E f f . Mn = 0.080, Dilution factor = 0.02, 
Ratio foil/granules = 1.049. 



I r r a d . 
No. No. 

target 
nuclei 

N r - l 

40, 

Chem. 
Yi e l d 

( * ) 

Table 19. Results of the "* uCa(n,t) 3 8K reaction. 

-2 

Counter 
E f f . 

K101 
K102 
K104 
K106 

1.155 x 10 
1.316 x 10 ,-2 

1.314 x 10 
1.404 x 10' 

-2 
-2 

66.93 
18.44 
65.41 
38.41 

0.0225 
0.0223 
0.0225 
0.0233; 

X 3 8K = 0.090026 rain*1 

Table 20. Results of the ̂ Qa(n,p)^K reaction. 
u 

K92 7.057 x ID" 6 86.07 0.337 
K94 6.264 x ID" 6 58.11 0.337 
K101 7.623 x io- 5 66.93 0.337 
K102 8.685 x 1 0 - 5 18.44 0.336 
K104 8.671 x 1 0 - 5 65.41 0.337 

K106 9.263 x io- 6 38.41 0.336 

X 4 SK = 0.0009243 min 

AO 
obs. 
c.p.m. 

Ao 
corrt. 
d.p.ro. 

Measured 
cross-

section 
(mb) 

Mean 

54 
31 
47 
19 

3.6 x 10' 
7.5 x 10 £ 

3.2 x 10 £ 

2.1 x 10 2 

1.494 x 10 
1.367 x 10f 

7.159 x 101 

7.854 x 10* 

6 4. 3 jUb 
8.2 jAb 5.8 
7.0j*b + l . l ^ l 
3.7^lb 

1990 6.86 X 10 3 2.132 x 10 6 139 
820 4.19 X 10 3 9.612 x 10 5 156 
4680 2.08 X 10 4 3.166 x 10 6 172 
930 1.50 X 10 4 2.371 x 10 6 139 

1460 6.62 X 10 3 9.970 x 10 5 155 
1000 7.75 X 10 3 1.071 x 10 6 150 



I r r a d . No Chem. Counter 
No. target Y i e l d E f f . 

nuclei 
x N*1 (*> 

Table 21. Results of the 4 3 C a ( n , p ) 4 3 K reaction. 

K9S 1.599 x 1(T 6 86.07 0.264 
K94 1.419 x 10"5 58.11 0.292 
K101 1.727 x 1(T 5 66.9a 0.285 
K102 1.968 x 10~5 18.44 0.326 
K104 1.964 x ICT 6 65.41 0.286 
K106 2.099 x 10~6 38.41 0.310 

X 4 3K = 0.0005181 min* 1 

Table 22. Results, of the ̂ CaCn.p) 4 4^; reaction. 

K101 2.454 x 1 0 - 4 66.93 
K102 2.795 x 10" 4 18.44 
K104 2.791 x 10" 4 65.41 
K106 2.982 x 10" 4 38.41 

X 4 4 ^ = 0.03109 rain"1 

* S c i n t i l l a t i o n counting, e f f i c i e n c y estimated from comparison 
with K102, K104, K106. 

Table 23. Results of the 4 8 C a ( n t 2 n ) 4 7 C a reaction. 

K104 2.207 x 10"~6 100 0.0257 
K106 2.659 x 10~ 5 100; 0.0257 

\ 47„ -1 A Ca = 0.0001024 rain 

0.0347 
0.305 
0.296 
0.302 

AO 
obs. 

AO 
c o r r t . 

Measured 
cross-

Mean 
p.m. d.p.m. section 

(mb) 

155 682 2.139 x 10 6 108.0 
70 413 9.654 x 10 5 104.4 

368 1928 3.177 x 10 6 105.4 
84 1400 2.377 x 10 6 101.8 

100 534 9.984 x 10 5 98.3 
65 546 1.072 x 10 6 83.0 

100.2 
+ 3.7 rab 

1.01 X 10 4 4.35 X 10 5 2.388 X 10 6 44.0 
2.14 X 10 4 3.80 X 10 5 1.941 X 10 6 39.7 
3.27 X 10 4 1.69 X 10 5 8.873 X 10 5 41.1 
2.14 X 10 4 1.85 X 10 5 9.604 X 10 5 36.8 

40.4 
+ 1.5 mb 

29 

34 

1130 

1320 

1.001 x 10' 
1.074 x 10e 

934 
801 

868 
+ 67 mb 
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Part 5. 

I r r a d i a t i o n of Selenium. 

A study of the l i t e r a t u r e showed t h a t l i t t l e work had 
"been done on the measurement of neutron induced r e a c t i o n s of 
selenium a t 14 Mev. Since selenium has adjacent s t a b l e i s o ­
topes, i t was considered t o he of some i n t e r e s t t o i n v e s t i g a t e 

10 
whether the Levk o v s k i i t r e n d holds f o r the r e a c t i o n s of t h i s 
element. 

Samples of selenium d i o x i d e were i r r a d i a t e d close up t o 
the D,T t a r g e t ; the r e a c t i o n s s t u d i e d were;-

7 4 S e ( n , 2 n ) 7 3 r a s e ( t i - 44 + 3m) = 79d)(Q= ) 
( n , 2 n ) 7 3 g s e - 7.1 + O.lh) i t n " (Q= -12.040MeV) 

7 6 S e ( n , 2 n ) 7 5 S e (t4 — 120d) (Q= -11.126Mev) 
Se(n,2n) se 

2 
— 59 + lm) (Q= -9.190MeV ) 

( n , 2 n ) 8 1 6 s e <** - 18.6m) (Q= -9.190MeV ) 
7 6 S e ( n , p ) 7 6 A s <** 26.5h) ( Q f -2.187MeV ) 
7 7 S e ( n , p ) 7 7 A s 

2 
= 38.7h) (Q= +0.099M6V ) 

Se(n,p; As 
V t = 5.5 + lm) (Q= -3.320MeV ) 

7 8 S e ( n A ) ? 5 G e ( t i . 
2 

82 + 1m) (Q= +0.526MeV ) 
8 0Se(n,«.) 7 7Ge <** = 11.3h) ^ A S ^ = 

2 
38.7h)(Q=-0.970MeV ) 

8 2Se(n,oL) 7 9Ge lzn) 7 9 A s ( t i = 9 . 0 
2 

+ aim) 
79 S e ( t ± = 3.9m) (Q= ) 



117 
The r e s u l t a n t species were chemically separated and coun­

ted under an end-window p r o p o r t i o n a l counter or on a N a l ( T l ) 
s c i n t i l l a t i o n spectrometer. Since selenium has s i x s t a b l e 
isotopes and many of the r e a c t i o n products have a c t i v e daugh­
t e r s , the decay of each source was s t i l l complex a f t e r chem­
i c a l separation; i t was t h e r e f o r e necessary t o use the values 

ft "1 

o f the h a l f - l i v e s from the Nuclear Data Sheets and t o anal­
yse the decays "by means o f s t r a i g h t l i n e p l o t s (as described 
i n Chapter 3 ) . The only i n f o r m a t i o n 1 0 4 found i n the l i t e r -

79 n — ature on Ge st a t e d t h a t t h i s n u c l i d e decayed by p emission 
w i t h a h a l f - l i f e of l e s s than one minute. A value of one 
minute was used i n the present c a l c u l a t i o n s . 

Experimental procedures. 

1 g q u a n t i t i e s o f 99,999% pure selenium dioxide,obtained 
from Koch-Right L t d . (batch No. 16626) 7were sandwiched between 
two 2.0 cm diameter d i s c s of i r o n f o i l , which were wrapped i n 
polythene t o prevent t r a n s f e r of r e c o i l products; 9 m pe 

79 
could p o s s i b l y i n t e r f e r e i n the d e t e c t i o n of 9m AS. The 
whole sample was contained i n a polythene capsule and i r r a d i ­
ated close t o the t a r g e t . The separation of the f o i l s was; 
0,3 cm, while the distance of the f r o n t f o i l from the t a r g e t 
segment was 0.3 cm. This arrangement gave a neutron bombar­
d i n g energy o f 14.7 + 0,5 Mev w i t h deuterons o f 220 kev energy 
i n c i d e n t on the t a r g e t . 
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The i r r a d i a t e d i r o n f o i l s were t r e a t e d as p r e v i o u s l y 

described f o r the i r r a d i a t i o n o f calcium; c o r r e c t i o n s were 
again made t o the o"bserved a c t i v i t y t o ob t a i n the neutron 
f l u x a t the p o s i t i o n of the selenium d i o x i d e , "by applying the 
f o i l / g r a n u l e r a t i o of Appendix A. 

Preparation an& s t a n d a r d i s a t i o n of the c a r r i e r s o l u t i o n s . 

A s u i t a b l e As ( i l l ) s o l u t i o n waB prepared "by d i s s o l v i n g 
ASgOg i n d i l u t e NaOH, and a Ge (IV) s o l u t i o n "by d i s s o l v i n g 
germanium metal i n a s o l u t i o n o f NaOH and HgOg. Both s o l u -
t i o n s contained about 5 mg ml of c a r r i e r . 

The As ( I I I ) s o l u t i o n was standardised by t i t r a t i o n against 
"L05 

a standard K I 0 3 s o l u t i o n i n the presence of HC1 and C d 4 . 
The Ge(iv) s o l u t i o n was determined g r a v i m e t r i c a l l y by p r e c i p ­
i t a t i o n of Ges g hy HgS i n 6N HCl. 

Separation of selenium. 

Step 1. The i r r a d i a t e d SeOg was added t o 2 ml each of 
the A s ( l l l ) and Ge(iv) c a r r i e r s o l u t i o n s and dis s o l v e d on 
hea t i n g . 

Step 3. 4 ml concentrated HCl was added and selenium 
p r e c i p i t a t e d as element by the a d d i t i o n of excess hydrazine 
hydrate. This p r e c i p i t a t e was c e n t r i f u g e d o f f , and the time 



a f t e r the end o f the i r r a d i a t i o n noted, 
r e t a i n e d . 

119 
The supernate was 

Step 3. The p r e c i p i t a t e was dissolved i n the minimum 
amount of HNOg, evaporated almost t o dryness, and d i l u t e d w i t h 
6N HCl. 

Step 4. The selenium was r e p r e c i p i t a t e d w i t h SOg water, 
and washed w i t h d i l u t e SOg water, al c o h o l and ether. A small 
p o r t i o n was mounted on a weighed glass f i l t e r pad, d r i e d , and 
counted under an end-window p r o p o r t i o n a l counter. The remain­
der was d r i e d , placed i n a semimicro t e s t tube, and counted i n 
a w e l l - t y p e N a l ( T l ) s c i n t i l l a t i o n c r y s t a l . 

Separation o f arsenic. 

Step 1. To the supernate from step 2 i n the selenium 
procedure was added 0.5g of NaHgPOg and the s o l u t i o n "boiled 
u n t i l the arsenic p r e c i p i t a t e coagulated. Again the time 
a f t e r the end of the i r r a d i a t i o n was noted. The supernate 
was r e t a i n e d . 

Step 2. The p r e c i p i t a t e was mounted on a glass f i l t e r 
pad, washed w i t h water, al c o h o l and ether, d r i e d and counted. 
The time taken t o reach t h i s p o i n t was 12m a f t e r the end of 
the i r r a d i a t i o n . 
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Separation of Germanium. 

Step 1. More NaHgPOg w a s added t o the supernate from 
step 1 i n the arsenic procedure, and the mixture "boiled t o 
ensure the complete removal of arsenic. I f necessary the 
s o l u t i o n was f i l t e r e d . 

Step 8. Germanium sujlphide was p r e c i p i t a t e d by passing 
HgS through the f i l t r a t e . 

Step 3. The p r e c i p i t a t e was diss o l v e d i n 6N KOH and 
b o i l e d . The s o l u t i o n was made 6N i n HCl and HgS again passed 
t o p r e c i p i t a t e GeSg. This was mounted on a glass f i l t e r pad, 
washed w i t h water, alc o h o l and e t h e r , d r i e d , and counted. 

Standardisation of arsenic p r e c i p i t a t e . 

Since f i n e l y d i v i d e d arsenic could be oxi d i s e d i n a i r the 
arsenic sources were determined t i t r i m e t r i c a l l y u sing volhard's 
m e t hod 1 0 6. 

Step 1.. Each source was dis s o l v e d i n HNOg, and NaOH 
added u n t i l the s o l u t i o n was j u s t a l k a l i n e t o phenolphthalein; 
d i l u t e a c e t i c a c i d was then added dropwise t o n e u t r a l i s e the 
s o l u t i o n . 

Step 2. Excess s i l v e r n i t r a t e s o l u t i o n was added, the 

s o l u t i o n s t i r r e d , and the p r e c i p i t a t e allowed t o s e t t l e i n the 
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dark. The s o l u t i o n was f i l t e r e d on a p o r o s i t y 4 s i n t e r e d 
c r u c i b l e and washed w i t h c o l d water t o remove excess s i l v e r 
n i t r a t e . 

Step 5. The AggAs0 4 was di s s o l v e d i n IN HNOg and the 
s o l u t i o n f i l t e r e d . The remaining p r e c i p i t a t e was washed w i t h 
IN and 0.5N HNOg and the washings added t o the f i l t r a t e . 

Step 4. This s o l u t i o n was then t i t r a t e d against a stan­
dard KCNS s o l u t i o n using s a t u r a t e d f e r r i c alum s o l u t i o n as 
i n d i c a t o r . 

Counting techniques. 

i . Selenium. The selenium sources mounted on glass f i l t e r 
pads were counted under an end-window p r o p o r t i o n a l counter. 
prom these sources the i n i t i a l count rates of se and se 

81 
were determined. An 18.6m a c t i v i t y of se was. not a c t u a l l y 
observed i n the gross decay curve but when the i n i t i a l p a r t o f 
the 59m decay was p l o t t e d i t was found t o be s l i g h t l y concave 
towards the o r i g i n i n d i c a t i n g the growth of the a c t i v i t y o f the 
ground s t a t e from the isomeric s t a t e . A s t r a i g h t l i n e p l o t 
a n a l y s i s (described i n Chapter 3) revealed the i n i t i a l a c t i v i t y 
o f b o t h s t a t e s . 

73 73m 
The i n i t i a l a c t i v i t i e s of Se and se were determined 

22 
r e l a t i v e t o a standard Na source of exa c t l y s i m i l a r geometry 



122 
mounted i n a semimicro t e s t tube "by counting the 0.511 Mev 
a n n i h i l a t i o n photopeaks. The sources were placed i n s i d e a 
brass c y l i n d e r having l g cm w a l l s t o ensure complete anni­
h i l a t i o n of p o s i t r o n s a t the sources and t o prevent ^ - p a r t i c l e s 
e n t e r i n g the c r y s t a l . Corrections were made f o r sum events 
as i n d i c a t e d "below. 

75 
The i n i t i a l a c t i v i t y of Se was estimated "by s e t t i n g the 

window of the s i n g l e channel analyser on the 0.402 Mev photo-
peak and c a l c u l a t i n g the counter e f f i c i e n c y from the published 44 42 data of Redon and Crouthamel 

The equations used t o c a l c u l a t e the counter e f f i c i e n c i e s 
of the various n u c l i d e s are set out below. The n o t a t i o n and 

22 
equation f o r Na have p r e v i o u s l y been described i n p a r t 1 of 
t h i s Chapter. 

7 5 r o
S e . 

73 75 
The isomeric s t a t e of Se decays d i r e c t l y t o As w i t h ­

out passing through i t s ground s t a t e . The second e x c i t e d 
73 

s t a t e of As has a h a l f - l i f e of 6jiS and t h e r e f o r e since the 
c l i p p i n g time of the NE 5202 main a m p l i f i e r used here i s l,2jXS, 
only some 13$ of the decays from t h i s s t a t e can be detected i n 
coincidence w i t h the a n n i h i l a t i o n r a d i a t i o n from the preceding 
p o s i t r o n decay. As decays e n t i r e l y by e l e c t r o n capture t o 
73 
Ge w i t h a h a l f - l i f e of 79 days, and t h e r e f o r e any c o n t r i b u t i o n 
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t o the counting r a t e from t h i s n u c l i d e was considered t o "be 
n e g l i g i b l e . No a c t i v i t y w i t h a 79 day h a l f - l i f e was detected 
i n the sources. The e f f i c i e n c y equation used i s : -

N = No(2 P 0 # 6 1 ( l - T 0 - 6 1 ) ( l - 0.13 T 0 # 3 5 9 ) ( l " 0.13 T 0 > 0 6 6 ) ) 

The counter e f f i c i e n c y c a l c u l a t e d on comparison w i t h t h a t 
pp 

measured f o r Na i s 0.304. 

7 8 S e . 

Since some 98.9% of the decays from the ground s t a t e o f 
73 73 Se also pass through the 6 j i S second e x c i t e d s t a t e of As 

a s i m i l a r c o r r e c t i o n t o t h a t o u t l i n e d above has been made here. 

N = N O ( 2 . j 3 r P 0 > 5 1 ( l - T 0 # B l ) ( l - 0.13 T 0 w 3 5 9 ) ( l - 0.13 T Q M 6 ) 

+ 2.^ 2 . P 0 - 5 1 ( l - T 0 ^ 5 1 ) ( l - T 0 > Q 6 6 ) , 

ft ± = 0.699, p 2 = 0.007. 

The counter e f f i c i e n c y c a l c u l a t e d on comparison w i t h t h a t 
22 

measured f o r Na i s 0.212. 

7 B S e . 

This n u c l i d e decays e n t i r e l y by e l e c t r o n capture t o various 
75 

e x c i t e d states of As. The s i n g l e channel analyser was set a t 

0.402 MeV t o count the photopeak and sum peak at t h i s energy. 



124 
7fi 

The Jy'-ray cascades decaying v i a the 0.305 MeV l e v e l o f As, 
which has a h a l f - l i f e of 17 ms, were considered not t o c o n t r i ­
bute t o the sum peak. 
N = No^oc^PQ^Qg) + o l 8 . p i . P 0 > 1 5 6 t t 8 P 0.265 + * 4 - P 0 . 0 6 6 P 0 . l 9 9 ) 

+ ^ B ' P l - P0.121^6 P0.280 + O C7- P0.081' P0.199) 

= 0.20, OCg = 0.54, <X3 = 0.97, <X-4 = 0.03, (* & = 0.18, 

<X6 = 0.987, <\ ? = 0.013. 

s= 0.76. 

The c a l c u l a t e d counter e f f i c i e n c y i s 0.078. 

1 

i i . Arsenic sources. 

The arsenic sources were counted under an end-window 
counter and also on a 3" x 3" N a l ( T l ) s c i n t i l l a t i o n spectro­
meter, prom the decay curves f o l l o w e d on the end-window coun­
t e r the i n i t i a l a c t i v i t i e s of 7 6 , 7 7 » 7 8 A s and 7 9 A s ( 7 9 G e ) were 
determined. 

The s c i n t i l l a t i o n spectrometer was used t o search f o r the 
78 106 isomeric s t a t e o f As found "by Nemilov but not confirmed 

107 
by Pritze* 1- . This s t a t e was reported t o decay t o the ground 
s t a t e w i t h a h a l f - l i f e o f 6m on e m i t t i n g a - r a y of 0.5 MeV. 
A weak component of 5.5 + lm h a l f - l i f e of energy between 0.40 
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and 0.57 Mev was observed i n the two runs i n which t h i s was 
i n v e s t i g a t e d , so adding t o the evidence f o r the existence of 
t h i s s t a t e . A ^ -ray spectrum o f the source taken on a 
multichannel analyser d i d n o t , however, rev e a l a peak a t 0*5 
Mev. F i g . 40 shows one of the decay curves. 

77 77 
I n the c a l c u l a t i o n of the se(n,p) As cross-section an 

77 
allowance was made f o r the c o n t r i b u t i o n t o the observed As 

77 
a c t i v i t y o f t h a t a r i s i n g as a r e s u l t of the decay of Ge before 
the separation o f arsenic (the method of c a l c u l a t i o n i s des-

82 79 
c r i b e d i n Chapter 3 ) . The Se(n,oC) Qe cross-section was 
c a l c u l a t e d , as i s also o u t l i n e d i n chapter 3, using the data 

79 
from the decay of the daughter product, As, which i n t u r n was 
corrected f o r the decay of i t s own daughter, 7 9 l DSe. I t waa 

79 79 assumed t h a t a l l the Ge formed had decayed t o As before 
arsenic was separated from the germanium f r a c t i o n (about 10m 
a f t e r the end o f an i r r a d i a t i o n ) . 

i i i . Germanium sources. 

These sources were counted only on an end-window propor-
75 

t i o n a l counter; from t h e i r decay the i n i t i a l a c t i v i t i e s o f Ge 
77 77 

a n d Ge( As) were determined. 

Results and comparison w i t h other work. 

The r e s u l t s f o r the cross-sections of the r e a c t i o n s studied 
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are presented i n Tables 24 t o 36. Table 24 shows the values 

56 56 f o r the pe(n,p) Mn reference r e a c t i o n . 

/ v 74 Of the (n,2n) measurements made here, only those on Se 
82 78 and Se have been p r e v i o u s l y r e p o r t e d . Rayburn obtained a 

value o f 383 + 31 mb f o r the 7 4 s e ( n , 2 n ) 7 3 g s e r e a c t i o n cross^-
s e c t i o n , and 48.7 + 8.0 mb f o r the cross-section of the r e a c t i o n 
l e a d i n g t o the e x c i t e d s t a t e . Both of these are lower than the 
values obtained here o f 458 + 19 mb and 167 + 7 rab r e s p e c t i v e l y . 
The methods used were s i m i l a r i n t h a t a n n i h i l a t i o n r a d i a t i o n 
coincidences were counted under standard c o n d i t i o n s . i n the 

82 
case of Se, cross-sections of 860 + 170 mb ( e x c i t e d s t a t e ) and 

rv 
485 + 95 mb (ground s t a t e ) were obtained. Paul and Clarke 

1.08 
found a value of 1500 +_ 500 mb and Mangal and Khurana a value 
of 1600 + 100 mb f o r the r e a c t i o n going t o the 57 m e x c i t e d s t a t e , 
The l a t t e r workers d i d not observe any 18m decay t o the ground 
s t a t e , andqupte an upper l i m i t of 100 mb f o r t h i s c r o s s - s e c t i o n , 
which gives an unusually h i g h isomeric r a t i o ( h i g h spin s t a t e / 
t o t a l s p in) of 0.9. As mentioned e a r l i e r the 18m decay of the 
ground s t a t e was not observed d i r e c t l y i n the present work, but 
was i n f e r e d from the s l i g h t curvature i n the 57m decay of the 
e x c i t e d s t a t e . The isomeric r a t i o obtained here was 0.6 which 
i s a more usual value. 

No value f o r the Se(n,2n) Se r e a c t i o n cross-section has 
been found i n the l i t e r a t u r e t o compare w i t h t h a t obtained here 
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of 2850 + 144 mb. 

A cross-section o f 58.8 + 5.1 ml) was measured f o r the 
Se(n,p) As r e a c t i o n . The only other determination i s t h a t 

101 
of Cohen , of 16.5 mb f o r f i s s i o n spectrum neutrons, which 

14 
Chat t e r j e e has estimated t o be approximately equivalent t o 

101 
90 mb at 14 MeV. Cohen d i d not observe, and t h e r e f o r e d i d 

77 77 
not c o r r e c t f o r , the 39h a c t i v i t y r e s u l t i n g from the Se(n,p) As 
r e a c t i o n , which could have increased h i s observed count r a t e f o r 
the 26h 7 6 A s a c t i v i t y . 

77 77 
The value of the Se(n,p) As cr o s s - s e c t i o n (44.7 -f 5.5 mb) 

7 
agrees w i t h the only other measurement, t h a t of Paul and Clarke 
(45 +_ 23 mb). No previous values have been reported f o r the 
78 78 78m 

Se(n,p) As and As r e a c t i o n s ; those obtained here were 
20.6 + 0.7 mb and 16.3 6.5 mb r e s p e c t i v e l y . 

Again no values are reported i n the l i t e r a t u r e f o r the 
78 7 

Se(n,oC) , u&e r e a c t i o n (6.35 + 0.18 mb). Paul and Clarke 
80 77 

found 38 + 16 mb at 14.5 MeV f o r the se(n,«c) Ge r e a c t i o n as 
compared w i t h 2.26 + 0.15 mb obtained here. No chemical sepa­
r a t i o n s were c a r r i e d out by these workers, and t h e r e f o r e e r r o r s 
may have a r i s e n i n analysing the complex decay curves obtained; 

77 77 11.3h G-e decays t o 40h As which i s also produced, as they 77 77 76 observed, from the Se(n,p) As r e a c t i o n . I n a d d i t i o n 26h As 
which would also be present i s not mentioned i n t h e i r a r t i c l e . 
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The other (n,<*) cross-section measured here i s t h a t f o r 

O p I7Q 7Q 
*Be(n,«.)'*Qe (6.47 + 0.50 mb); the i n i t i a l Ge a c t i v i t y was 

79 
estimated from the As daughter a c t i v i t y as described above. 

109 80 Cohen et a l measured the cro s s - s e c t i o n f o r the se(n,np + d) 
79 
As r e a c t i o n and obtained an upper l i m i t of 0.8 +0.3 mb; any 

82 79 
c o n t r i b u t i o n from the Se(n,M)-** As r e a c t i o n appears t o have 
been ignored. Assuming t h a t t h e i r observed a c t i v i t y was due 
t o t h i s process, t h e i r r e s u l t s give a value of 4.5 mb f o r the 
(n,*) cross-section which i s of the magnitude of t h a t obtained 
here. 

Estimation of e r r o r s . 

The e r r o r s quoted above are standard e r r o r s of the means 
of the r e s u l t s obtained. A l l the cros s - s e c t i o n values quoted 

56 56 
are r e l a t i v e t o the Fe(n,p) !fln reference cross-section which 
has an estimated e r r o r of not more than + 5.5%. The e s t i m a t i o n 
of p r o p o r t i o n a l counter e f f i c i e n c e s should be w i t h i n + 3% whi l e 
the estimated e f f i c i e n c e s f o r y-r&y s c i n t i l l a t i o n counting 
may be as l a r g e as 10$. For 7 8 n iAs and 8 1 g s e e r r o r s a r i s e 
from the analysis, of the decay curves; these may be as much as 
30% f o r 7 8 m A s and + 10% f o r 8 1 g S e . For the other species the 
e r r o r should not exceed 5% and i s thus i n d i c a t e d by the standard 
e r r o r s of the mean. 

Some of the r e a c t i o n s s t u d i e d here have p o s i t i v e or small 
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negative Q values and t h e r e f o r e the r e a c t i o n s may he e n e r g e t i ­
c a l l y p o s s i h l e a t the 3 Mev D,D neutron energy. Since the 
p r o p o r t i o n of D,D t o D,T neutrons i s l e s s than 3%, and the 
values of the cross-section drop o f f w i t h energy, c o n t r i b u t i o n s 
from t h i s source were considered t o he n e g l i g i b l e . 

I r r a d . 
No. 

wro. o f 
t a r g e t 
n u c l e i 

x 10 2/N 

Ao 
obs. 
e.p.m. 
x 10' ,-3 

AO 
c o r r t . 
d.p.m. 
x 10 ,-6 x 10' ,-6 

Table 24. Data f o r the reference r e a c t i o n ^ 6 p e ( n , p ) ^ & 

K118 
K122 
K128 
K133 
K136 

1.315 
1.262 
1.244 
1.275 
1.292 

9.15 
2.62 
4.92 
5.12 
3.82 

5.45 
1.56 
2.93 
3.05 
2.28 

2.322 
0.7247 
1.248 
1.110 
0.9882 

N i s Avogadro's No. 

r 5 6 F e ( n , p ) 6 6 M n = 98.3 mb. 

56 
t i : Mn = 155 min., 
2 

X 6 6 
Mn = 0.004472 min - 1 

56 
Counter e f f i c i e n c y vMn = 0.080. Foil/Granules = 1.049. 

D i l u t i o n f a c t o r Mh = 0.02. 



I r r a d . No. 

Table 25. 

No. of 
t a r g e t 
n u c l e i 
x 10 5/N 

Chemical 
Y i e l d 

Counter 
E f f . 

74 73m Results of the Se(n,2n) Se r e a c t i o n . 

K11S 
K122 
K133 
K136 

4.455 
2.523 
6.071 
5.853 

73m 

100 
100 
100 
100 

Se = 0.01575 min - 1 

0.304 
0.304 
0.304 
0.304 

74, Table 26. Results o f the '**se(n t2n) 7 5 gse r e a c t i o n . 

K118 
K122 
K128 
K133 
K136 

Table 27, 
K118 
K122 
K128 
K133 
K136 

4.455 
2.523 
3.004 
6.071 
5.853 

100 
100 
100 
100 
100 

\ 7 S S e = 0.001627 min""1 

Results o f the 7 6 s e ( n , 2 n ) 7 5 s e r e a c t i o n . 
46.19 
26.20 
31.14 
62.94 
60.68 

100 
100 
100 
100 
100 

0.212 
0.212 
0.212 
0.212 
0.212 

0.078 
0.078 
0.078 
0.078 
0.078 

\ 7 6 S e = 0.4012 x 1&~ 6 m i n - 1 

AO 
c o r r e c t , 
(d.p.m.) x 10' -6 

Measured 
cross-

s e c t i o n 
(mb) 

Mean 
(mb) 

8.42 x 10* 
1.78 x 10 4 

7.60 x 10 
5.86 x 10^ 

4 

1.786 
0.6191 
1.056 
0.9447 

165 
185 
153 
165 

167 
+ 7 

2.87 x 10 4 

5.71 x 10* 
1.22 X 10 
2. 50 x 10 

4 

4 

1.98 x 10" 

2.489 
0.7550 
1.260 
1.124 
1.001 

391 
473 
459 
458 
511 

458 
+ 19 

4540 
965 

2100 
3910 
2980 

2.592 
0.7731 
1.267 

1.132 
1.006 

2320 
3060 
3080 
2780 
3000 

2850 
+ 144 



I r r a d . 
No. 

No. of 
target 
nuclei 
x 105/N 

Chemical 
Y i e l d 

Counter 
E f f . 

AO 
obs. 

(c.p.m.) 
Ao 

correct, 
(d.p.m.) x 10 -6 

Measured 
cross-

section 
(mb) 

Table 28. Results of the 8 8 S e ( n > 2 n ) 8 t o S e reaction. 

K133 
K136 

0.4050 
4.004 

100 
100 

X 8 1 m S e = 0.011749 min" 1 

0.215 
0.099 

3.73 x 10l 

1.86 x 104 

1.73 x 10' 
1.89 x 10* 

1.075 
0.9598 

689 
1030 

82, Table 29. Results of the °*Se(n t2n) 8 1 gse reaction. 

K133 
K136 

0.4050 
4.004 

100 
100 

Se = 0.038511 min -1 

0.356 
0.337 

1.12 x 10 
1.16 x 10* 

4 3.14 x 10" 
3.45 x 10* 

0.9580 
0.8651. 

391 
586 

Table 30. Results of the 7 6 S e ( n , p ) 7 6 A a reaction. 

K118 
K122 
K128 
K133 
K1S6 

79.96 
75.67 
77.78 
74.82 
72.57 

63.39 
47.33 
75.37 
87.92 
100 

0.337 
0.353 
0.335 
0.343 
0.341 

4470 
1110 
2630 
2280 
3120 

1.41 x 10 4 

6.64 x 10' 
1.04 x 10 
7.56 x 10* 
9.12 x 10J 

4 

2.563. 
0.7682 
1.265 
1.130 
1.003 

57.6 
67.4 
56.4 
41.8 
70.7 

X 7 6 A s = 0.00043597 min" 1 



I r r a d . No. of Chemical Counter Ao AO S Measured Mean 
No. target Y i e l d E f f . obs. correct. p. cross- (mb) 

nuclei (%) (c.p.m.) (d.p.m.) x 10~ 6 section 
(mb) 

(c.p.m.) (d.p.m.) 
(mb) 

X — — 
N 

Table 31. 77 77 Results of se(n,p) As reaction. 
K118 0.6720 63.39 0.247 1540 9830 2.573 46.3 
K122 0.6359 47.33 0.328 420 2710 0.7697 47.3 
K128 0.6537 75.37 0.305 1530 6650 1.266 62.4 44.7 
K133 0.6288 87.92 0.316 2170 7820 1.130 30.4 + 5.5 
K136 0.6099 100 0.311 860 2770 1.005 37.0 

\ 7 7As. = 0.00029854 min^ 1 

Ta"ble 32. 78 78 Results of Se(n,p) As, reaction. 
K118 2.085 63.39 0.343 6.20 x 10 4 1.92. x 10 5 2.149 20.3 
K122 1.973 47.33 0.356 1.42 x 10 4 8.43 x 10 4 0.6922 20.6 
K128 2.028 75.37 0.341 4.48 x 10 4 1.74 x 10 5 1.234 21.0 20.6 
K133 1.951 87.92 0.346 4.57 x 10 4 1.50 x 10 5 1.094 18.6 + 0.7 

K136 1.892 100 0.344 3.78 x 10 4 1.30 x 10 6 0.9754 22.5 

X 7 8A& = 0.0077022 rain"1 

Table 33. Results, of Se(n,p) As reaction. 
K128 2.028 75.37 0.128 3600 3.7 x 10 4 0.4189 22.8 16.3 

1.4 x 10 4 

0.4189 22.8 16.3 
K133 1.951 87.92 0.128 1600 1.4 x 10 4 0.3404 9.81 ± 6 - 5 

X 7 8 m A s = 0.12604 rain" 



I r r a d . 
No. 

No. of 
target 
nuclei 
* 1 q 3 
X N 

Chemical 
Y i e l d 
(%) 

Counter 
E f f . 

Table 34. 78 
Results, of se(n 

75 
,ot) Ge reaction. 

K118 2.085 13.32. 0.355 
K133 1.951 19.52 0.355 
K136 1.892 

X 7 5 a e = 

34.19 

0.0084537 rain"1 

0.342 

Table 35. 80 
Results of se(n 

77 
,<0 Ge reaction. 

K118 4.417 13.32 0.361 
K133 4.133 19.52 0.360 
K136 4.008 

v77 
X &e = 

34.19 

0.0010224 min" 1 

0.358 

Table 36. 
go 

Results of Se(n ,o0 7 9Ge - > 7 9 A s reaction. 

K122 0.7710 47.32 0.356 
(0.200) 

K128 0.7925 75.37 0.341 
(0.144) 

K133 0.7623 87.92 0.346 
(0.167 

K136 0.7394 100 0.344 
(0.171) 

79 79m * The values here are for As, those i n brackets for se 
79 

t The values i n bracket a flife for As. 
X 7 9As = 0.077022: min" 1. V? 9Ge = 0.6932 min" 1. 

AO 
obs. 

(c.p.m.) 
AO 

correct, 
(d.p.ra.) x 10 -6 

Measured 
cross-

section 
(mb) 

Mean 
(mb) 

4770 
3850 
4650 

543 
394 
400 

1.01 x 10 5 2.111 6.66 
5.56 x 10 4 1.090 6.29 6.35 

3.85 x 10 4 0.9725 6.09 
+0.18 

1.93 x 10 4 2.526 2.43 
5.60 x 10 3 1.127 2.40 2.26 

3.27 x 10 3 1.002 1.96 
+0.15 

1.86 x 10 4 

4.51 x 10 

3.68 x 10" 

3.56 x 10" 

4 

5.54 x 10 

1.60 x 10* 

1.12 x 10 

8.75 X 10' 

4 0.02032 t 
(0.3008 ) 
0.1994 
(1.263 ) 
0.1765 
(0.8192 ) 
0.1907 
(0.7517 ) 

7.61 

6.92 

5.36 

5.99 

6.47 
+0.50 
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Part 6. 

Ir r a d i a t i o n of indium metal at 2»5 Mey. 

a ) . Investigation of the contribution to the induced a c t i v i t y 
from "background neutrons. 

Many of the nuclear reactions induced at 2 Mev are also 
energetically possible with thermal and epithermal neutrons. 
The effect of scattered neutrons of degraded energy must there­
fore he considered when measuring cross-Bections at t h i s energy. 
The contribution to the a c t i v i t y induced i n indium f o i l from 
the reaction l n ( n , i n , by background neutrons was 
investigated by two methods. 

In the first,comparison was made between the a c t i v i t y 
induced i n f o i l s i r r a d i a t e d with and without wrappings of 
cadmium sheet, to act as a slow neutron s h i e l d . i n the 
second,the v a r i a t i o n with distance from the target of the 
a c t i v i t y induced i n unshielded f o i l s was studied. 

Experimental procedures. 

( i ) The indium f o i l i n the form of a narrow s t r i p , e n c i r c l i n g 
the target at a radius of 2.23 cm, was positioned to accept 
neutrons at about 90° to the incident deuteron beam direction. 
The thin walled target block described i n Chapter 2 was used 
here to reduce the scattering material near the sample. The 
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f o i l was irradiated with and without cadmium sheet. The 
di r e c t neutron flux was monitored using the associated p a r t i c l e 
method "by counting protons, and the m a c t i v i t y was counted 
on a Nal(Tl) s c i n t i l l a t i o n c r y s t a l set on the 1.27 Mev photo-
peak. The r e s u l t s obtained are shown i n Table 37. 

( i i ) Sixteen squares of indium f o i l were irradiated on a cone 
at 105° to the direction of the deuteron beam by placing four 
squares at each of four distances from the target centre. 
Each square of a set of four was spaced at 90° i n t e r v a l s to the 
others round the cone, and arranged so that i t did not screen 
any other square from the target. Again the di r e c t neutron f l u x 
was monitored by counting protons, and the induced a c t i v i t y 
detected on a s c i n t i l l a t i o n c r y s t a l . The r e s u l t s are shown in 
Table 38. 

Table 37. varia t i o n of induced a c t i v i t y with thickness of 
cadmium shie l d . 

Thickness of cadmium position of Normalised s p e c i f i c 
s h i e l d (mg cm-2) s h i e l d a c t i v i t y 

(c/m/g/prot on) 

330 outside and inside 0.733 
660 " " 0.704 
990 » 0.681 
660 outside 0.791 
660 inside 0.826 
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Table 58. Variation of induced a c t i v i t y with distance from 
" target. 

—2 
Target distance 1 (cm ) Normalised s p e c i f i c 

t> f™\ — 5 a c t i v i t y 
R> t c m J R (c/m/g/proton) 

2.55 0.154 1 
3.05 0.108 0.861 
4.05 0.061 0.702. 
5.05 0.039 0.620 

From Table 37 i t i s seen that the a c t i v i t y induced by 
background neutrons i s some 30f0 of that from d i r e c t neutrons 

—.2 
at the position of the f o i l , and also that 330 mg cm of 
cadmium i s s u f f i c i e n t to absorb the majority of these neutrons. 
The figures for the cadmium shield on the inside or outside of 
the f o i l indicate that a large percentage of low energy neutrons 
a r i s e from within the target i t s e l f as well as from the sur­
rounding walls. 

A plot of the values from Table 38, of s p e c i f i c a c t i v i t y 
versus the square of the rec i p r o c a l of the target distance ( F i g 41), 
gives a f a i r l y straight l i n e indicating that the inverse square 
law i s obeyed. 
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t>). Measurement of the cross-sections of the reactions 

1 1 5 
induced i n i n between 2.1 and 2.5 MeV. 

The excitation function for the following two reactions: 
have "been measured "between 2.1 and 2.5 Mev. 

1 1 5 l n ( n , y ) 1 1 6 m i n ( t ^ = 54.0 + 0.5m) (Q = +6.610 MeV) 

1 1 5 l n ( n , n 1 ) l l a n i n ( t ± = 4 . 5 + 0 . 1 hr) (Q = -0.335 Mev) 
2 ~~ 

Experimental procedures. 

indium f o i l 99.95% pure and 0.005" thick was obtained 
from Johnson Matthey and Co. Ltd. Five or s i x s t r i p s 0.4 cm 
wide were positioned side by side e n c i r c l i n g the target, and 
subtending angles between 95 and 140° to the incident deuteron 
beam. The indium f o i l s were ir r a d i a t e d , sandwiched between 

-2 
two 660 mg cm thick cadmium f o i l s , for periods of up to 90 
minutes. The d i r e c t neutron flux was measured by the associ­
ated p a r t i c l e method, by counting protons on the Ortec s o l i d 
state counter as described i n Chapter 2 and Chapter 3. 

After an i r r a d i a t i o n each f o i l was t i g h t l y r o l l e d , and 
dropped inside a semi-micro t e s t tube which was placed inside 
a brass tube set at the centre of the face of a 3" x 3" Nal(Tl) 
s c i n t i l l a t i o n c r y s t a l . For the • L 1 5 m i n a c t i v i t y the window 
of the spectrometer was set on the 0.335 Mev photopeak while foi» 
the 1 1 6 t n l n a c t i v i t y both the 1.085 and 1.27 Mev photopeaks 
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were counted. Counter e f f i c i e n c e s were calculated from the 

42 
data of crouthamel and absorption curves of Davisson and 
E v a n s 6 2 . 

Since the decay scheme of i n i s f a i r l y simple, the 
counter effici e n c y was calculated d i r e c t l y and found to be 
7,71% (allowing for the i n t e r n a l conversion constant of 0.98). 
The decay scheme for In, however, i s extremely complex and 
the following equation was derived i n an attempt to calculate 
the counter e f f i c i e n c y for t h i s isomer; the notation i s the 
same as that described i n part 1 of t h i s Chapter. 

N = No[p | a 7(0.02(l - T,.77)+0.10(l - T W 7)+0.15(1 - T 0-8j)(l - TWto)) 

+ (P|.o«+ P«n-Pt.o36P1.X7)(°*42 * 0.06(1 - T,.„)+ 0.08(1 - T 0.* w))~|. 

The calculated e f f i c i e n c y was 7.5%. 

Results and comparison with other work. 

The r e s u l t s of the two i r r a d i a t i o n s made on indium are 
presented i n Tables 39 to 41 and F i g . 42. The values for the 
1 1 5 l n ( n , y ) 1 1 6 m l n reaction are almost a constant factor of two 

HO 
higher than the data published i n the compilation of Hughes 
On the other hand the values for the i n e l a s t i c scattering cross-
section are in close agreement with the only other determin-

111 
ation that of Martin et a l . A possible explanation of the 
d i s p a r i t y i n the (n,y) cross-section l i e s i n the estimation of 
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the counter e f f i c i e n c y from a complex decay scheme, although 
i t seems rather u n l i k e l y that such errors could give r i s e to 
a discrepancy of t h i s order. 

Estimation of error. 

Errors of 10% could a r i s e from the measurement of sample 
target distances and the calculation of the absolute neutron 
flux. The estimation of the counter e f f i c i e n c y of i n 
should be l e s s than 10% i n error but that for i n could 
perhaps be about 50%. This gives a t o t a l error for 
1 1 6 l n ( n , n 1 ) 1 1 5 r a l n cross-sections of + 14% and for the 
1 1 5 l n ( n , ^ ) 1 1 6 n i l n cross-section + 50%. 



Sample No. of Ao Ao Mean 
No. target obs. corrt. angle of 

nuclei c/m. d/m. sample 
x 103/N x 1CT 3 x 1 ( T 4 (degrees) 

Table 39. i r n No.KS Result for 1 1 5 l n ( n , y ^ ) 1 1 6 S n cross-
section. 

1 2.495 3.98 5.31 97° 5 1 

2 2.352 3.57 4.76 104° 55* 

3 2.318 3.58 4.77 112° 0' 

4 2.344 3.59 4.79 118° 50' 

5 2.435 3.80 5.07 124° 45' 

6 2.427 3.41 4.55 129° 55' 

7 2.444 3.62 4.83 134° 20' 

Counter ef f i c i e n c y = 0.075, Rp thick ( ^ V ) ^ )400KeV = 0.9735, 

-O. p = 1.661 x l O ^ 6 sterad . \ 1 1 6 ? n = 0.01283 min"*1 

Proton count correction for decay = 214,600 

Square 
of mean 

separation 
of sample 

and target 
(cm 2) 

5.141 

5.423 

5.891 

6.601 

7.497 

8.697 

9.903 

Rn 
thick 

(400 Key) 
Mean 

neutron 
energy 
(Mev) 

Calculated 
cross-

section 
(mb) 

1.626 2.45 + 0.05 190 

1.568 2.37 + 0.05 184 

1.491 2.30 + 0.07 193 

1.411 2.24 + 0.08 203 

1.345 2.20 + 0.08 224 

1.290 2.15 + 0.09 224 

1.247 2.13 + 0.10 260 



Sample 
No. 

Table 40. 

No. of 
target 
nuclei 
x lO 3, 

N 

AO 
o"bs. 
c/m. 

x 10~ 3 

AO 
corrt . 
d/m. 

x 10" 4 

Mean 
angle 
of 

sample 

I r r n . No. K4 Results for In(n,V) 6£n reaction 
cross-section. 

1 
2 
3 
4 
5 

2.291 
2.427 
2.346 
2.492 
2.494 

4.50 
5.01 
4.88 
4.99 
4.43 

6.00 
6.68 
6.51 
6.65 
5.91 

Counter e f f . = 0.075, Rp thick 

-O. p = 1.661 x 10"*6 sterad. 

fa 

97° 5' 
104° 55' 
112° 25' 
124 45' 
130° 30" 

/y^p) 400 Kev = 0.9735, 

m 
i n = 0.01283 min 

-6 j ^116?n„ o ™ o o , „4_-l 

Proton count correction for decay = 274,100. 

Table 41. I r r n . No. K5 R e s u l t s f o r 1 1 5 l n ( n , n 1 ) 1 1 5 m l n 
reaction cross-section. 

1 
2 
3 
4 
5 

30.5 
29.4 
28.2 
23.7 
19.1 

39.6 
38.1 
36.6 
30.7 
24.8 

Counter e f f . 

y i 5 mm 

= 0.077, Proton count corrt. for decay = 420,900 

= 0.002567 min -1 

Square 
of mean 

separation 
of sample 

and target 
(cm2) 

Rn 
thick 

(400 Kev) 
Mean 

neutron 
energy 
(Mev) 

Calculated 
cross-

section 
(mb) 

5.141 
5.423 
5.927 
7.497 
9.947 

1.626 
1.568 
1.487 
1.345 
1.284 

2.45 + 0.05 
2.37 + 0.05 
2.30 + 0.07 
2.20 + 0.08 
2.15 + 0.09 

176 
189 
197 
217 
244 

379 
350 
360 
326 
333 
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Part 7. 

Measurement of the P(n,p) S i reaction cross-section between 
2,1 and 2.5 Mey. 

The c r o s s - s e c t i o n B of the (n,p) r e a c t i o n on ^^T? has "been 

determined "by a number of workers (the values have been com-
17 

p i l e d by L i s k i e n and Paulsen ) , and others, such as Gonzalez 
112 

et a l , have used i t as a reference cross-section i n t h i s 
energy region. I t was considered to be of i n t e r e s t to measure 
t h i s f a i r l y well known cross-section, mainly to check the 
calculations made for the absolute neutron fl u x determinations. 

The d e t a i l s of the reaction are:-
3 1 P ( n , p ) 3 1 S i (tj . = 2.60 + 0.05 h) (Q = -0.694 Mev) 

Experimental procedures. 

AnalaR grade sodium dihydrogen orthophosphate (NaEOgP04.2HgO) 
was packed into Portex 320 polythene tubing ( i n t e r n a l and 
external diameters 0.25 and 0.35 cm r e s p e c t i v e l y ) . pour 18 cm 
lengths, each containing about one gram of sample, were wound 
round the target wall so as to accept neutrons from 90° to 
130°. The samples were surrounded with 660 mg cm~2 layers 
of cadmium f o i l to reduce the e f f e c t s of background neutrons. 

The samples were irr a d i a t e d i n t h i s position for 90 minute 
periods the absolute neutron f l u x being determined by the 
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associated p a r t i c l e method, "by counting protons as has "been 
described i n Chapters2 and 3.. After an i r r a d i a t i o n , a few 
drops of s i l i c o n c a r r i e r solution were added to each sample 
which was then dissolved and made up to 12 ml with water. 
1.0 ml aliquots of these solutions were counted i n the pre-
callbrated l i q u i d G.M. counter and the decay followed for 

31 
several h a l f - l i v e s . No a c t i v i t y other than t h a t of s i was. 
observed. 

Results and comparison with other work. 

The r e s u l t s for the two i r r a d i a t i o n s made are presented 
i n Tables 42 and 43 and Fi g . 43. The agreement between the 
t wo runs i s good and indicates a smooth increase i n the cross-
section with increase in neutron energy. The values obtained 

113 
are a l i t t l e higher than those of Luscher et a l , and 

114 
Ricamo of 40 + 10 mb at 2.5 MeV. The l a t e r work of 

115 
G-rundl et a l , however, suggests a lower value,nearer 20 mb 
at 2*5 MeV while the excitation function determined down to 

1 i f i 

2.7 Mev by Cuzzocrea et a l . (normalising on an absolute point 
of Grundl) indicates a higher value of around 50 mb. The 
values obtained here are not greatly different from those 
published, and therefore the neutron flux calculations were 
considered to be reasonable. 
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Estimation of error. 

The errors a r i s i n g from counter standardisation and 
s t a t i s t i c s should not he more than 2% while the so l i d angle 
subtended by the s o l i d state counter was determined to 
The main errors again come in the determination of the sample-
target separation and in calculations of neutron flux, which 
together should not be more than + 10%. The error here was 
therefore taken as + 10%. 



Sample 
No. 

No. of 
target 
nuclei 
* ^ 
X N 

Mean 
neutron 
energy 
(Mev) 

Calculated 
cross-

section 
(mD) 

Table 42. I r r n . No 
react 

1 

2 

3 

4 

5.223 

5.689 

5.714 

5.673 

2.44 + 0.05 

2.35 + 0.05 

2.28 + 0.07 

2.22 + 0.08 

53.1 

52.6 

51.0 

46.0 

Counter e f f . = 0.0 

X 3 1 S i = 0.004376 

Table 45. i r r n . No 
react 

1 5.931 2.47 + 0.05 60.3 
2 5.139 2.37 + 0.05 54.7 

3 5.475 2.31 + 0.06 53.1 
4 5.478 2.27 + 0.07 51.3 

Counter e f f . = 0.0 

\ 3 1 S i = 0.004376 
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Part 8. 

Measurement of the 6 4zn^n^p) 6 4Cu reaction cross-section "between 
and 2.5 Mev. 

The d e t a i l s of the reaction studied here are:-

6 4 Z n ( n , p ) 6 4 C u (tj. = IS.8 + O.lh) (Q = + 0.209 MeV). 
2 

Only two previous excitation functions of t h i s reaction 
i n the energy range 2.0 to 3.6 MeV are reported i n the l i t e r ­
ature. Both of these are e f f e c t i v e l y "by the same group -

11*7 118 Rapaport and Van Loef and Van Loef . The f i r s t was made 
r e l a t i v e to the 3 1 P ( n , p ) 3 : L S i reaction at 3.56 MeV from the data 

115 
of Grundl while the second was made r e l a t i v e to the f i r s t . 
The errors quoted were + 20$. 

Experimental procedures. 

High purity (99.9999$) zinc metal f o i l (obtained from 
Koch-Light Ltd.) was irradiated ( i n the form of s t r i p s 0.4 cm 
wide) and counted i n a similar manner to that already described 
for indium. The y - r a y s c i n t i l l a t i o n spectrometer was set on 
the 0.51 Mev photopeak to count the annihilation radiation, 

22 
comparison "being made with a standard Ka source. (The 

a c t i v i t y of the Cu produced was found to "be too low to count 

"by the usual annihilation coincidence methods). The single 
22 

channel annihilation equation for Na has "been described i n 
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64 Part 1. of t h i s Chapter while that for cu would "be i d e n t i c a l 

13 I S 

with those for N and P. The counter e f f i c i e n c y obtained 

was 4.6%. 
The neutron f l u x was again determined by the associated 

p a r t i c l e method. 

Results and comparison with other work. 

Only one i r r a d i a t i o n was carried out and the r e s u l t s are 
presented i n Table 44 and F i g . 44. The value of the cross-
section r i s e s smoothly from 13.5 mb at 2.15 Mev to 26.1 mo at 
2.45 Mev. This i s i n good agreement with that obtained "by 

117 

Rapaport and van Loef 1* of 10.5 + 1.5 mb at 1.99 MeV and 30 + 
6 mb at 2.55 MeV. This agreement again lends support for the 
neutron f l u x measurement made here. 

Estimation of error. 

22 
The error i n the Na standard source was 2% and the 

counting s t a t i s t i c s not more than 1%. Again the main error 
a r i s e s i n the neutron f l u x determination which may be as large 
as + 10%. The t o t a l error i s therefore + 10$. 



I 
Sample 
No. 

No. of 
target 
nuclei 

X N 

AO 
o"ba. 
c/m 

Ao 
corrt. 
d/m 

x 10 -3 

j Square 
of mean 
pparation 
of sample 
jid target 
! (cm 2) 

Tafcle 44. 64 v64 1 

I r r n . No. K8 Results f or zn(n,p) Cui 
cross-section. 

6.045 125 2.72 15.141 

2 6.102 119 2.59 5.423 

6.060 100 2.17 5.927 

6.289 71 1.54 7.497 

6.264 44 0.957 19.947 

Counter eff . = 0.046 Rp t h i c k ( Y ^ / y ^ ) 4 0 0 K e V 

41 = l , 6 6 l X l o " 6 sterad. X 6 4Cu = 0.0008998 mi 

Proton count corrected for decay = 454,600 

Rn 
thick 

Mean 
neutron 
energy 
(Mev) 

Calculated 
cross-

section 
(nrt>) 

1.626 2.45 + 0.06 26.1 

1.568 2.37 +0.05 25.0 

1.487 2.30 +_0.06 21.9 

1.345 2.20 + 0.08 17.1 

1.284 2.15 + 0.09 13.5 
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Part 9. 

Investigation of the possible measurement of (n,pa r t i c l e ) 
reaction cross-sections at 2.5 MeV. 

Very few of the cross-sections for nuclear reactions 
which have favourable Q values appear to have been measured 
i n t h i s energy region. A search was made through the nuclide 
chart to sel e c t those nuclides for which either an (n,p) or 
(n,<*) reaction was energetically possible. of these the 
reactions were chosen for which the products had a reasonable 
h a l f - l i f e , the target nuclide had a natural abundance of more 
than 5%, and of which the element could be obtained i n a 
convenient form. The choice of nuclides included those with 
odd and even neutron numbers i n case pairing effects made one 
reaction more probable. 

Experimental procedures and r e s u l t s . 

The reactions chosen are set out i n Table 45.' Gram 
quantities of the elements, or compounds containing the nuclides 
were irradiated at 0° to the incident deuteron beam and close 
up to the target block, so as to obtain the maximum flux 
available. The samples were i r r a d i a t e d for periods of up to 
2 hours in order to obtain an integrated f l u x of 5 x 10* n cm 

After an i r r a d i a t i o n each sample was counted under an end-
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window proportional counter and the decay followed down to 
"background. Only i n the cases of arsenic and palladium 
were a c t i v i t i e s corresponding to products, of (n,p) reactions 
seen. These reactions were*.-

7 5As(n,p) 7 5Ge and l 0 5 P d ( n , p ) 1 0 5 R h 

In "both of these, the i n i t i a l count rate amounted to 
16 c/m, that i s j u s t over the background count rate. I t was 
considered therefore, that i f the samples were ir r a d i a t e d i n 
a position of r e l a t i v e l y good geometry for good neutron energy 
resolution (at 90° to the incident beam), where, not only 
would the f l u x be reduced by over a factor of ten, but the 
mean neutron energy would be reduced by about 0.5 MeV to 
2.5 Mev, no a c t i v i t y would be observed with the present equip­
ment. Investigations of t h i s f i e l d were therefore discontinued. 



Table 45. Reactionsstudied at 3 MeV 

Reaction 

5 1V(n,«C) 4 8Sc 

66 Zn(n,p 

75 As(n,p 

77 Se(n,p 

96-Ru(n,p 

99 Ru(n,p 

105. Pd(n,p 

109 Ag(n,p 

115 ln(n,p 

120 Sn(n,< 

123 S"b(n,p 

197 Au(n,p 

66 Cu 

75 Ge 

77 As 

96m, Tc 

99mrp( 

105 Rh 

109 Pd 

115 Cd 

117 Cd 

123 Sn 

197 Pt 

2 
Natural Q value compound 
abundance (Mev) irra d i a t e d 

(56) 
4 1K(n,<<) 3 8Cl 37.3m 6.8 - 0.100 KgCO, 

44h 

82m 

39h 

52m 

36h 

54h 

40m 

19h 

99.75 - 2.04 

5.1m 27.8 

100 

7.5 

5.6 

6.Oh 12.7 

22.2 

13.6h 48.6 

3. Oh 32.5 

100 

- 1.85 

+ 0.40 

+ 0.10 

+ 0.56 

+ 0.35 

+ 0.22 

- 0.33 

95.22 - 0.67 

+ 0.77 

42.75 + 0.64 

+ 0.03 

NK 4C0 3 

Zn 

^ s2°3 

Seo 

RuCl, 

Pd 

AgNOg 

i n 

Sn 

S b2°3 

Au 



Target 
nucleus 

Measured 
cross-section 

(mb) 
Estimated 

s t a i & $ r c a l 

(rob) 

Estimated 
Systematic 

error 
(mb) 

Table 46. Results for the (n,p) reactions. 

16 0 36.2 0.4 3.0 
4 8 C a 148 7 10 
4 5 C * 100 4 8 
^ C U 40.4 1.5 2.9 
^ F e 371 40 185 
5Se 98.3 2.4 5.4 
7 6 s e 58.8 5.1 4.7 
77 

Se 44.7 5.5 3.6 
78 

Se->g.s 20.6 0.7 1.6 
78 

Se-^e.s 16.3 6.5 5.2 

Table 47. Results for the (n,«t) reactions. 

78 Se 
80 Se 
82 Se 

6.35 
2.26 
6.47 

0.18 
0.15 
0.50 

0.50 
0.18 
0.81 

Calculated values (mb) 
Levkovskii Gardner Mani & l o r i Brown & Muirhead. 

80 64 20 
190 184 
92 92 
46 46 
305 496 350 
100 124 70 90 

(38.4) 152 45 
45(26) 76 25 25 
(18.3) 38 15 

(0.41) 



Table 48. Results for the (n,2n) reactions. 

Target 
nucleus 

Measured 
cross-section 

Estimated 
S t a t i s t i c a l 

error 
Estimated 
Systematic 

error 
(mb) (mb) (mb) 

7.42 0.13 0.47 
52.1 0.6 3.3 

4 8 C a 868 67 130 
8.9 0.03 0.6 

6 3 c u 550 6 33 
74 

Se-»e.s. 167 7 14 
74 

Se-»-g.s. 458: 19 37 
7 6 s e 2850 144 360 
82 

Se->e. s. 860 170 69 
8 2 S e * g . s . 489 95 59 

Table 49. Results for the ( n f t ) reactions. 

Target Measured Estimated Estimated Calculated cross-setton 
nucleus cross-section s t a t i s t i c a l Systematic Baerg & Bowes 

error error 
(mb) (mb) (mb) (mb) 

40 Ca 0.006 
54 :pew,s. 2.66 
54 pe-?g.s. <0.31 

0.001 
0.42 

0.07 

0.003 
0.55 

2 x 10 .-6 

1 x 10 -6 



Table 50. Results for the reactions at 2.5 Mey, 

Reaction Measured Estimated 
cross-section Systematic 

error 
(mh) (mb) 

1 1 5 i n ( n , y ) 1 1 5 , n l n 195 97 

1 1 5 I n ( n , n 1 ) 1 : L 6 n l m 360 50 

3 1 p ( n , p ) 3 1 S i 52.5 5.3 

6 4 Z n ( n , p ) 6 4 C u 21.9 2.2 



144 
Part 3.. 
Discussion. 

The existing data on nuclear reaction cross-sections is, 
extensive, but reported errors are often large, especially i n 
the older work-, i and i t was considered useful to apply 
methods leading to values i n which more confidence could he 
placed. That t h i s has "been achieved i s shown i n the collected 
r e s u l t s given i n Tables 46 to 50; for most measurements s t a t ­
i s t i c a l errors are only a few per cent and the estimated 
systematic error i s l e s s than 10%. In addition, some cross-
sections which do not appear to have been previously reported 

were measured. 

The increased accuracy i s considered to a r i s e from the 
care and attention given to counter c a l i b r a t i o n and absolute 
neutron f l u x determination. Absolute measurement of the 
neutron f l u x was used mainly i n the determination of the 

Fe(n,p) Mn cross-section, the error of which amounted to 
l e s s than 5.5%. Other reaction cross-sections could then be 
measured using t h i s as a reference. The use of both radio­
chemical separations and £ - p a r t i c l e and y - r a y counting 
techniques enabled the radioactive species to be i d e n t i f i e d 
and determined with considerable certainty. 

The measurements made here are almost e n t i r e l y confined 



145 

to the middle weight region (except for oxygen, nitrogen and 
f l u o r i n e ) . Where i t has been possible to compare the results, 
with calculated values "based on the s t a t i s t i c a l theory f a i r l y 
good agreement has "been found for (n,p) and (n,oC) cross-sections. 
This supports the now generally accepted view that the compound 
nucleus process predominates over d i r e c t interactions i n t h i s 
region. 

Energy spectra, and angular di s t r i b u t i o n studies of emitted 
p a r t i c l e s , as well as cross-section values, indicate that both 
processes occur over the entire mass range. Since the energy 
of emission of charged p a r t i c l e s from the decay of the compound 
nucleus i s i n general lower than for those emitted from direc t 
interactions, the l a t t e r process i s favoured on moving to 
heavier nuclei because of the increased height of the Coulomb 
b a r r i e r . Strohal et a l . have pointed out that compound 
nucleus formation i s s t i l l the most probable interaction where 
Coulomb b a r r i e r considerations are small; t h i s i s further sup­
ported by the observation that neutron emission i s the commonest 
mode of de-excitation, which i s largely a s t a t i s t i c a l process i n 
the heavy region. 

For (n,p) reactions d i r e c t e f f e c t s are evident i n both 

l i g h t (A < 40) and heavy (A > 90) n u c l e i . The approximate 
11 

theoretical calculations of Brown and Muirhead (and the ex-
120 

tension of t h e i r work to heavier masses by Coleman et a l . ) 
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follow the trend of the experimental data hut tend to he low 
at heavier masses. Three of t h e i r values corresponding to 
the measurements reported here are included i n Table 46. 
These authors calculated the contributions from both processes 
separately using a Fermi gas model of the nucleus and a three 
stage interaction process. That i s , that the incident nucleus 
c o l l i d e s with one of the nucleons of the target nucleus, which 
then emits p a r t i c l e s d i r e c t l y or a f t e r f i r s t forming an ex­
c i t e d nucleus. A more general three stage process has been 
suggested by Weisskopf 

122 
Mani and l o r i used o p t i c a l model considerations and 

calculated (n,p) and (n,ot) excitation functions between 5 and 
25 MeV for almost a l l stable n u c l e i . Their values are i n 
general i n good agreement with experimental data up to A = 80 
when they begin to diverge. Their values for the cross-
sections reported here are also included i n Tables 46 and 47 
and are i n close agreement. 

11 
Brown and Muirhead treated the interaction as a volume 

effe c t but suggested possible surface interactions for protons 
because of the res u l t i n g reduced Coulomb b a r r i e r . Surface 
interactions must be of even more importance in the case of 
(n,oe) reactions because of the very low penetrability of t h i s 

123 
p a r t i c l e through nuclear matter. C o l l i et a l . have suggested 

that t h i s hypothesis i s further supported by the Pauli exclusion 

p r i n c i p l e which would diminish the p o s s i b i l i t y of more ef f e c t i v e 
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interactions i n the occupied i n t e r n a l states. 

The r e s u l t s for the measurement of (n,p) reaction cross-
sections for three adjacent isotopes of "both calcium and 

10 
selenium (Table 46) show that the Levkovskii trend i s only 
p a r t i a l l y obeyed here. In each case the cross-section of the 
l i g h t e s t isotope i s only 1.5 times that of the next, while the 
predicted factor of 2 i s observed between the heavier p a i r . 
For the (n,oc) cross-sections on selenium (Table 47), however, 
the values f i r s t decrease and then increase. i t has been 

12 
suggested by Gardner that the constant factor i s a Q value 
e f f e c t . 

124 12 Both Levkovskii and Gardner have derived empirical 
formulae, the l a t t e r on the basis of the s t a t i s t i c a l model, 

20 
which predicts (n,p) cross-sections at 14 Mev. Later Gardner 
added Q value and pairing energy eff e c t s . Both equations give 
reasonable agreement with experimental data but i n general 
Levkovskii's simpler treatment gives the better f i t . when 
Levkovskii's calculations were checked, however, some disagree­
ment, usually small, was found with almost a l l the values 
quoted. In the case of selenium they are about a factor of two 
high. The predicted values are also included i n Table 46 tog­
ether with those calculated i n the present work (bracketed). 
The good agreement i s the more surprising since the s t a t i s t i c a l 
model process i s expected to be highly s e n s i t i v e to variations 
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i n Q value, pairing energies and neutron and proton s h e l l 
closure, a l l of which the equations ignore. 

•I OR 

Chatterjee's plot of (n,p) cross-sections against 
proton and neutron number of the residual nuclei reveals 
minima corresponding to proton s h e l l closure "but no similar 

20 
e f f e c t s corresponding to neutron s h e l l closure. Gardner 
disclaims t h i s as a s h e l l effect and attributes i t to the 
increase i n the N/Z r a t i o with increasing A of stable nuclei 
on changing from one region to the next. 

lpfi 
C o l l i has suggested that (n,d) reactions d i f f e r from 

(n,p) reactions i n proceeding e n t i r e l y through d i r e c t i n t e r ­
actions. 

For (n,o^) reactions both mechanisms are again present, 
but the d i r e c t e f f e c t s are reduced. The s t a t i s t i c a l mechanism 
makes the major contribution to t h i s process i n the mass range 

127 
20 - 70. Facchini et a l have noted that on plotting cross-
sections against neutron number, besides the general decrease 
i n value with increasing N, maxima occur at the neutron magic 
numbers 50 and 82. At these magic numbers the competing 

• i 

(n,n ) process has a small cross-section corresponding to a 
minimum i n the l e v e l density parameter, and therefore 
OH - p a r t i c l e emission i s favoured. On comparison with values 

calculated from the s t a t i s t i c a l model they find agreement with 
experimental values for A < 60 and at 50, 82 and perhaps 126. 
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They suggest, therefore, that i n the other mass regions where 
the compound nucleus mechanism i s reduced, d i r e c t effects 
occur. 

128 

Chatterjee again noticed minima corresponding to proton 
s h e l l closures on plotting (n,o(.) cross-sections against proton 
number, Z . He again f a i l e d to notice minima corresponding 

129 

to neutron s h e l l closures. Wille and Pink also searched 
for neutron s h e l l e f f e c t s at N = 82 and concluded that these 
e f f e c t s were negligible. Neither of these workers mention 

127 
the maxima observed by Facchini et a l . 

21 

By including Coulomb b a r r i e r e f f e c t s Gardner has exten­
ded h i s emperical formula to predict (n,ac) cross-sections i n 
the range 6 ^ Z 30. His predictions again agree quite well 
with the experimental values available although discrepancies 
were found for 0 and Mg. His calculations have been 
extended i n the present work to selenium (z = 34) by assuming 
that A , a s t a b i l i t y l i n e parameter, i s 2Z + 8. The values z 
obtained are compared with experiment i n Table 47 and are 
found to be a l i t t l e low. The lack of a Q value for the (n>ot) 

Op 

reaction of Se prevented the calculation of t h i s cross-section. 

I n order to explain high (p,B() cross-section values and 
l^O 1 SI 

energy spectra for heavy n u c l e i , Wilkinson and Hodgson 
have suggested a c l u s t e r model d i r e c t interaction process. 
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Here quasi-free ©(.-particles or t r i t o n s i n the nuclear sur­
face are respectively knocked out or picked up "by the incident 
proton. Similar considerations were suggested for (n,x) 

reactions which require the preformation of ot-particles and 
g 
He p a r t i c l e s . 

A similar process might "be applied to (n,t) reactions. 
Estimates from the s t a t i s t i c a l model of the cross-sections for 

72 
t h i s type of reaction "by workers such as Baerg and Bowes and 

oo 
Heinrich and Tanner are i n general considerably lower than 
the experimental values. (The values calculated "by Baerg and 
Bowes for reactions at 14.5 Mev are included in Table 49). 
This together with the d i r e c t nature of (n,d) reactions, suggests, 
that d i r e c t reaction e f f e c t s may "be present. 

The suppression of changed p a r t i c l e emission "by the Coulomb 
b a r r i e r on moving to heavier masses causes the (n,2n) and (n,n ) 
reactions to become more probable. These two reactions almost 
completely account for the non-elastic reaction cross-section i n 
the heavy mass region. The r e s u l t s of many workers - (e.g. Paul 

7 132 133 and Clarke , Wille and Fink and Khurana and Hana ) were 
explained by the s t a t i s t i c a l theory although i n some cases the 
experimental values were rather low. 

Recently Bormann has made an extensive survey of (n,2n) 
reactions and suggested that the low values are explained by 
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maxima in the competing (n,n ) reaction. He plotted (n,8n) 
cross-sections against A separately for even-proton and odd-
proton nuc l e i . i n the even-proton nuclei he observed minima 
corresponding to magic neutron numbers 28 and 50 and maxima 
at 82 and 126. For odd-proton nuclei minima were observed 
at N = 20, hut maxima at 28, 50, 82 and 126. The minima at 
low magic numbers corresponded to minima i n reaction Q valuea. 
The maxima, however, were explained by showing that the nuclear 
l e v e l density parameter and pairing energy go through minima 
at magic neutron numbers so causing a change i n the d i s t r i b ­
ution of nuclear l e v e l s which causes a minimum i n the cross-

section for the (n,n ) process. Between magic numbers the 
• i 

(n,n ) reaction cross-sections r i s e to several hundred m i l l i -
barns but these are reduced towards magic numbers of the target 
nucleus where the (n,2n) cross-section almost reaches the f u l l 
calculated s t a t i s t i c a l model value. 

In the measurements of the present work, the very low 
54 

value for the pe(n,2n) cross-section of 8.9 mb corresponds 
to a minimum at the neutron s h e l l closure for N = 28. 

Agreement between experimental measurements and theoretical 
values can be seen to be reasonable; t h i s applies to many of the 
reaction cross-sections at 14 Mev, although the agreement i s 
r a r e l y very close. i t i s hoped that work on excitation 
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functions, angular distributions and energy spectra w i l l 
provide more information. The study of rar e r reactions 
should "be f a c i l i t a t e d as higher neutron fluxes and separated 
isotopes become available. 



Appendix A 

Experimental techniques used for the reference reaction 
5 6 F e ( n > p ) 5 6 ^ 

( i ) Standard method. 

56 56 
The Fe(n,p) Mn reaction has "been widely used "by 

previous workers i n t h i s laboratory as a reaction r e l a t i v e to 
which other measurements could he made. The technique devel­
oped involves i r r a d i a t i n g ahout 0.5g of iron i n the form of 
f o i l for the sandwich method, or granules for the homogeneous 
mixture method; the iron may then he rapidly separated from the 
r e s t of the sample by mechanical means (electromagnetically 
for the homogeneous mixture). The pure ( > 99.8%) iron f o i l 
came from the Research Department of the United Steel Co. Ltd., 
and the granules, (99.9% pure) from the Bureau of Analysed: 
Samples Ltd. (B.G.S. No. 149/1). 

After separation 0.5g of iron was dissolved i n 10 ml of 
a standard acid solution (50% 5N sulphuric acid, 50% 5N n i t r i c 
acid and 0.5 mg ml manganese ( I I ) c a r r i e r ) and made up to 
12 ml with further acid mixture. A 10 ml portion of t h i s was 

56 
counted i n a l i q u i d G.M.. tube previously calibrated for Mn 
i n t h i s acid mixture. The e f f i c i e n c y of the counter used i n 
the present work was 7.67 + 0.15%. 
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( i i ) Amended method used i n the i r r a d i a t i o n of nitrogen 

and f l u o r i n e . 

I n the i r r a d i a t i o n of nitrogen and fluorine (Chapter 4 
part 3 ) , a non-standard method was unfortunately used to 
dissolve the iron. Here 0.5g was dissolved i n 5 ml of 8N 
hydrochloric acid and 0.25 ml of 20 volume hydrogen peroxide 
with the addition of 1 mg manganese ( I I ) chloride to act as 
a c a r r i e r . The solution was made up to 25 ml with water and 
10 ml were counted i n the l i q u i d sample G.M. tube. 

To standardise t h i s method three i r r a d i a t i o n s were carried 
out i n which l g of iron granules was irradiated close to the 
D,T target block, thoroughly mixed, divided into two 0.5g 
samples, and dissolved using the two methods described. 

The r e s u l t s of the measurements gave a r a t i o between the 
methods of 1.055 + 0.002 representing a counting e f f i c i e n c y 
of 8.09% for the hydrochloric acid solution. 

( i i i ) Amended method used with the increased neutron f l u x 
of the S.A.M.B.S. machine! 

The higher s p e c i f i c a c t i v i t y induced i n the iron by the 
larger f l u x at Canterbury made the standard solution method 
described above unsuitable. I t was considered that to reduce 
the quantity of iron irradiated with a sample was inconvenient 
and would lead to errors i n the f l u x measurement; the following 
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d i l u t i o n procedure was therefore employed to reduce the act­
i v i t y of the sample so that i t could "be counted on the day 
of an i r r a d i a t i o n . 

An 0.5g quantity of iron was dissolved i n 20 ml of the 
standard acid mixture which was then made up to 100, 250, 500 
or 1000 ml with water depending on the amount of a c t i v i t y 
expected. A 10 ml portion was withdrawn and counted i n the 
usual way. 

The e f f i c i e n c y of the counter for the above dilutions 

r e l a t i v e to that for the standard acid solution was determined 

by i r r a d i a t i n g 2.1g of iron granules, dissolving them i n 50 ml 

of acid mixture and counting samples corresponding to the 

dilutions stated. The r e s u l t s of the three comparisons made 

are shown i n Table 51. 

Table 51. The variation of counter efficie n c y with d i l u t i o n . 

Dilution Density (20 ° c ) Counter e f f i c i e n c y (%) Mean 
g ml-1 e f f i c i e n c y 

1 2 3 
Standard 1.2170 7.67 7.67 7.67 7.67 
100 ml 1.0371 8.03 7.96 7.97 7.99 + 0.02 
250 ml 1.0117 8.03 8.00 7.98 8.00 + 0.02 
500 ml 1.0063 8.08 8.03 8.06 8.06 + 0.02 

1000 ml 0.9997 8.03 8.04 8.07 8.05 + 0.01 
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( i v ) Comparison of sandwich and granule techniques i n poor 

geometry conditions. 

In general the sandwich technique was used only i n 
r e l a t i v e l y good geometry conditions when f o i l s were to "be 
irr a d i a t e d some 2 - 5 cm from the target block. I n the 
ir r a d i a t i o n s of calcium and selenium, however, the sandwich 
technique was employed since a rapid chemical separation was 
required; also the f o i l s could be wrapped i n polythene to 
prevent transfer of r e c o i l n u c l e i . The f o i l s used were 2 cm 
i n diameter with a separation of 0.3 cm. The distance be­
tween the target and the front f o i l was 0.3 cm. 

To determine the r a t i o of the neutron f l u x at the f o i l s 
to that passing through the sample the following procedure 
was carried out. 0.5g of iron granules was intimately mixed 
with f i n e l y powdered sucrose to form a homogeneous mixture. 
This was then i r r a d i a t e d between two iron f o i l s i n i d e n t i c a l 
conditions to those described above. Both f o i l s and granules 
were dissolved and counted under the same conditions and the 
r a t i o s of the a c t i v i t i e s , induced i n each determined. Three 
i r r a d i a t i o n s were carried out with f o i l separations of 0.2, 
0.3 and 0.4 cm. Within the experimental error a constant 
r a t i o of 1.049 was found and t h i s factor was therefore applied 
as a correction to the a c t i v i t y of the iron i n ir r a d i a t i o n s 
of calcium and selenium. 
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