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ABSTRACT 

Nuclear reactions induced hy 14 MeV neutrons i n a wide 
range of elements* have heen investigated hy activation 
techniques. The cros^s sections of (n,p), (n,pn), (n,«'), 

(n, V ) and (n,2n) reactions have heen measured and t h e i r 
values are discussed with reference to the theoretical 
predictions of different nuclear models. 

The 14 MeV neutrons were produced hy the H^(d,n)He^ 

reaction, the deuterons being aceelerated to the optimum 

energy hy a Gockroft-Walton accelerator. 
A method for the accurate monitoring of fa s t neutron 

fluxes i n conditions of poor geometry has been developed. 
Counting equipment has "been calibrated r e l a t i v e to a 

4TT counter. Greater accuracy i n the determination of 
absolute disintegration rates, i n conjunction mth the 
separation of. induced a c t i v i t i e s by radiochemical procedures, 
i s considered the greatest improvement on the results of 

previous workers. 
A recent report of (n,ffe ) reactions, induced by 

14 MeV neutrons with measurable cross sections, has been 
investigated, but the r e s u l t s could not be reproduced. 

Magnesium, alumini\im, argon manganese, cobalt, 
arsenic, iodine, barium, gold, mercury, bismuth. 



I r r a d i a t i o n s of natural ytterbium and osmium have 

been performed i n an attempt to observe new a c t i v i t i e s . 

9.8 Minute rhenium, induced, i n osmium, has been re-assigned 

to Re^^2. 
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CHAPTER 1 

INTRODUCTION 
Neutrons are available over an extremely wide energy -4 10 range from as low as 10 ev to an upper l i m i t of 10 ev 

and, because of thei r lack of charge, they are unigue i n 
t h e i r a b i l i t y to interact with nuclei over the whole of 
t h i s range. The premier iniportance of neutrons as a 
tool i n nuclear research i s a direct consequence of t h i s 
property. 

Corresponding to t h i s wide energy range, there i s 
a great variety i n the types of interactions that are 
observed. The measure of the interaction of neutrons with 
matter i s the neutron cross section and precise determina­
ti o n of cross sections can furnish a great deal of informa­
tion about the nature of these interactions and hence about 
nuclear structure. 

Nuclear cross>-section data compiled from a l l types 
of interactions are invaluable for testing the predictions 
of nuclear models, which, although not s u f f i c i e n t l y exact 
to predict cross sections accurately, nevertheless enable 
the nuclear theoretician to make i n t e l l i g e n t "guesses" and 
provide him with a clearer insight into the true nature 
of the nucleus. 

A nuclear model i s valuable only insofar as i t accounts 

adequately for olf̂ e5](,Sll496pĥ nomena and, as further experi-
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mental data become available, the model has to be refined. 
For example, evidence, from cross-section measurements 
of a s h e l l structure within the nucleus co\ild not be 
accounted for on the basis of the simple l i q u i d drop 
model of the nucleus, which, u n t i l then, had proved quite 
adeq.uate. A new model was developed so that theory 
might correspond with experiment. 

This i s a continuous process, improved experimental 
techniques leading to more exact measuremoits and opening 
new f i e l d s of Investigation. I d e a l l y , i t would be 
desirable to determine the neutron cross sections of each 
individual nuclide f o r every possible type of nuclear 
interaction over a large range of neutron energies. I n­
vestigations so f a r merely outline the fringes of the 
subject. 

Much of the information about nuclear stmicture comes 
from examining the vari a t i o n of cross sections with the 
energy of the incident neutrons. This variation i s some­
times very i r r e g u l a r , e s p e c i a l l y f or slow neutrons, where 
nuclear excitation l e v e l s are reflected i n the fine 
stmicture of the excitation curves. Monoenergetic sources 
of neutrons of adjustable energy are required, i f the f i n e 
structure i s to be resolved. 

The instrumental problem, at high as well as; low 
energies, i s then the production of neutrons of a precisely 
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defined and known energy and of sufficient intensity to 
make measurements. At low energies, up to about 1000 lev, 
t h i s i s achieved by one of two techniques, the time-of-flight 
neutron velocity selector and the c r y s t a l spectrometer 
v e l o c i t y selector. These succeed i n selecting neutrons 
of s p e c i f i c energy from a wide i n i t i a l energy spectrum. 

No device analogous to velocity selectors has yet 
been developed for the study of f a s t neutrons and recourse 
has to be made to a number of nuclear reactions viSiich 
produce monoenergetic neutrons. 

Ea r l y f a s t neutron cross sections were measured using 
neutrons obtained from Ra-CX-Be sources, but these 
r e s u l t s are useless; for comparison with theory, as; these 
sources emit an extronely widespread and complicated 

neutron spectrum. 
Photoneutron sources are more useful and monoenergetic 

neutrons, covering a range of energies from about 0.03 to 

1 MeV, have been obtained i n t h i s way. 
Monoenergetic neutrons have been obtained from the 

H^(d,n)He^ and Li'^(p,n)Be''' reactions, but the l a t t e r 
has a negative Q-value'and the incident protons must 
exceed a threshold energy of 1.88 MeV before the reaction 
occurs. Also the energy of the incident protons must be 
ca r e f u l l y controlled i f the reaction i s to produce neutrons 
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2 3 
i n a narrow energy range. The H '(d,n)He reaction has 
a positive Q-value (3.27 MeV) and produces a good y i e l d 
of monoenergetic neutrons at comparatively low bombarding 
energies. Furthermore, since there are no accessible 
excited states of He , t h i s reaction can be used to 
produce monoenergetic neutrons up to 7Mev, simply by 

•» 

increasing the energy of the incident deuterons. 
u n t i l recently i t was d i f f i c u l t to obtain mono­

energetic neutrons of energies greater than t h i s . The 
reactions, Li'''(d,n)Be^ and Be^(d,n)B''"^, give good yields 

8 10 
of high energy neutrons, but both Be. and B have accessible 
excited states, and the high energy neutrons are con­
taminated by neutrons of lower energy corresponding to 
the various possible f i n a l states of the residual nucleus. 
Cross sections measured with these sources cannot be 
relate d to any par t i c u l a r neutron energy. 

The a v a i l a b i l i t y i n recent years of tritium has. 
transformed t h i s situation and the H^(d,n)He* reaction i s 
now commonly used to produce monoenergetic neutrons of 
energies between 13 and 20 MeV. Besides having a high 
p o s i t i v e Qiivalue (17.58 Mev), t h i s reaction has a very 
high, broad resonance with a maximum for 109 keV deuterons. 
Consequently, large y i e l d s of high energy neutrons can 
be obtained using r e l a t i v e l y low energy accelerating 
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machines. Further, due to the absence of excited states 
4 

of He , these neutrons are e s s e n t i a l l y monoenergetic with 
an energy of about 14 Mev. 

The use of 14 MeV neutrons from the Ii^(d,n)He* 
reaction for cross-section measurements was pioneered by 
Paul and Clarke,"*" who, i n a notable paper published i n 
1953, presented the values of activation cross sections 
measured for fifty-seven different elements. 

Activation cross sections are a particular type of 
cross section, r e f e r r i n g to those interactions measured 
by the radi o a c t i v i t y of the residual nucleus. These 
include (n, )f), (n,p), (n,o^), (n,2n) and others, 

Paul and Clarke observed thirty-eight (n,p), twenty-
f i v e (n,o<) and thirty-four (n,2n) reactions. Theoretical 
values of the cross sections were calculated on the basis 
of the evaporation theory of the compound nucleus 

2 
proposed by Blatt and weiskopf. These were compared 
with the experimentally determined values and, whereas the 
magnitude of (n,2n) cross sections was i n agreement with 
the theoretical predictions, for (n,p) and (n,^X) reactions, 
the theoretical cross sections were i n general too small. 
This difference between measured and predicted cross sec­
tions increased with mass nimber and, for heavy nuclides, 
measured cross sections were as much as four orders of 
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magnitude higher than the theoretical predictions. 
The evaporation theory supposes that the incoming 

neutron completely shares i t s energy with the nucleus, and 
t h i s compound nucleus has a f i n i t e lifetime before 
s u f f i c i e n t of i t s excitation energy i s concentrated on a 
p a r t i c u l a r nucleon to enable i t to escape. 

To account for the difference between the measured 
and predicted cross sections of reactions emitting charged 
p a r t i c l e s , Paul and Clarke proposed a second mechanism by 
which these reactions might occur. Here the incoming 
neutron interacts strongly with only one proton or o< -
p a r t i c l e , which escapes before much energy sharing takes 
place. The "direct mechanism" for (n,p) reactions was 
put onto a theoretical basis i n 1957 by Brown and Muirhead. 

Meanwhile i n a s e r i e s of papers published i n 1955, 
1956 and 1957, Blosser et al^»^*^ reported values for some 
(n, cx) cross sections for 14 Mev neutrons. These r e s u l t s 
d i f f e r e d substantially from the trend reported by Paul 
and Clarke and were i n order-of-magnitude agreement with 
the predictions of the evaporation theory. 

I t was one of the purposes of the present work to try 
and resolve t h i s discrepancy. I t i s worth noting that 
most of the measurements of both Paul and Clarke and Blosaer 
et a l were r e s t r i c t e d to target nuclides with mass numbers 
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l e s s than 100, and the r e a l l y large discrepancies between 
measured and predicted cross sections were i n the heavy 
nuclide region. several cross-section measurements 
have been made i n t h i s region, 

A number of activation cross sections for 14 MeV 
7 fl neutrons were published by Forbes i n 1952 and Yasumi i n 

1957, but these are of l i t t l e use for comparison with 
theory, as they are mostly (n,2n) cross sections or 

cross sections of l i g h t nuclides. Other workers have 
been concerned with investigating the cross sections of 

9 
single nuclides. Martin measured: the cross section of 
the 0̂ ®(n,p)N"*'̂  reaction and Battat and Ribe'^^ studied 
reactions producing He^. They presented values for the 
cross sections of the L i (n,p)He , L i (n,d)He and 
Be^(n, c?^)He^ reactions. Peck"*"̂  used a nuclear emulsion 

197 1Q7 

technique to study the reaction Au (n,p)pt . 
Paul and Clarke's paper represented a major piece 

of work and i t s value i n opening up the f i e l d cannot be 
overemphasised. The very enormity of the task they' 
undertook, however, precluded very precise measurements. 
The authors themselves acknowledge that high accuracy i n 
t h e i r counting techniques was not attempted. Further, 
the lack of any chemical separations led to the mis-
assignment of several residual a c t i v i t i e s . 
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I t was the purpose of the present work to improve 
the precision of activation cross-section measurements 
for 14 Mev neutrons by improved techniques for neutron 
f l u x determination and absolute ^ -assay. A method for 
the accurate determination of the neutron flux under bad 
geometrical conditions was developed (pa r t i c u l a r l y useful 
i n measuring the small cross sections of heavy nuclides) 
and a great deal of attention was paid to the standardisa­
tion of counting techniques. The chemical separation 
of residual a c t i v i t i e s was an important part of the work. 

Besides measuring (n,p), (n, cX) and (n,2n) cross 
sections, (n, ) cross sections were also investigated 
and found to be much higher at t h i s energy than would have 
been expected from theory. The only published data, 
concerning (n, ^ ) cross sections for f a s t neutrons, was 
the work of Hughes et a l , » * who had used unmoderated 
f i s s i p n neutrons ( e f f e c t i v e energy 1 Mev) to measure the 
(n, ^ ) cross sections for a wide range of nuclides. 
Their r e s u l t s are i n accord with the predictions of the 
compoTind nucleus treatment, but at higher energies 
other reactions, (n,2n), (n,p) and (n, of), would be expected 
to be greatly favoured at the expense of the ( n j ^ ) 
reaction. Measured (n, V) cross sections for 14 Mev 
neutrons are, i n f a c t , several orders of magnitude higher 
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than expected. Here again the s t a t i s t i c a l treatment 
of B l a t t and Weisskopf would appear to be inadequate. 

One (n,pn) reaction has been studied and i t s cross 
section measured. This was the A^^ (n,pn)Cl^^ reaction, 
which presents one of the few cases where the (n,pn) 

V cross section can be measured by activation techniques, 
previously, a search for (n,pn) reactions by activation 
methods by Cohen, Hyder and White"'"̂  showed, i n no case, 
s i g n i f i c a n t y i e l d s , although nuclear emulsion techniques 
gave strong evidence of t h e i r occurrence. 

The l i m i t s of some (n,He ) reactions were also 

investigated. 
Later work was concerned! with an attanpt to discover 

new nuclides i n regions of the nuclide chart where 
obvious gaps occurred or assignment of a c t i v i t i e s was 
confused. To t h i s end, several irradiations; of osmium 
and ytterbium have been performed. 
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CHAPTER 8 

OUTLINE OF TECHNIQUES FOR CROSS-SECTION MEASUREMENTS 
The only type of neutron cross section that can "be 

determined lay a di r e c t and simple method i s the t o t a l 
cross section. The t o t a l cross section i s the sum of 
the in d i v i d u a l cross sections f o r every type of i n t e r ­
a ction, including scattering, 

A disc of the sample material i s inserted "between 
a steady neutron source and a neutron detector and the 
transmission of the neutron beam through the disc i s 
measured. The r a t i o , T, of the counting rates, observed 
wi t h and without the intervening disc, i s simply related 
to the t o t a l cross section, cr^, "by the expression 

T = e-^-^r-* 

where, N = number of sample nuclei per cm.̂  
and t = thickness of the disc. 

To minimise the p o s s i b i l i t y of counting scattered neutrons, 
the neutron detector must subtend only a small s o l i d angle 
at the source. Also, the neutron f l u x must remain steady 
over the course of the experiment. Absolute c a l i b r a t i o n 
of counting apparatus i s , however, unnecessary, as only 
the r a t i o of the co\inting rates i s req.uired. 
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.The measuPCTient of indiv i d u a l reaction cross sections 
i s a much more d i f f i c u l t operation, although there are 
examples where a p a r t i c u l a r reaction cross section i s so 
large, as to constitute v i r t u a l l y the whole of the t o t a l 

10 7 
cross section. An example of t h i s i s the B (n, <?()Li 
cross section, which can be determined "by the transmission 
technique. 

These very large cross sections do not occur at high 
energies, however, and, i f f a s t neutron cross sections 
f o r i n d i v i d u a l reactions are to he determined, a knowledge 
of the absolute neutron f l u x i s required. Further, i f the 
cross sections are being determined by an activation 
method, absolute di s i n t e g r a t i o n rates must be known and 
the absolute c a l i b r a t i o n of counting apparatus i s a 
prerequisite of the method. 

The twin problems of absolute neutron f l u x and 
absolute di s i n t e g r a t i o n rate determination impose a severe 
r e s t r i c t i o n on the accuracy with which activation cross 
sections can be measured. Errors of less than ten per 
cent are ra r e l y claimed. 
Determination of the absolute neutron f l u x 

The i m p o s s i b i l i t y of detecting neutrons d i r e c t l y , 
severely l i m i t s the methods by which neutron fluxes may 
be determined. The methods available are based, i n general. 
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on the detection of secondary effects acc:orapanying or 
. induced by the neutrons. of these, there are three main 
methods which are applicable to f a s t neutron studies -
the r e c o i l p a r t i c l e method, the associated p a r t i c l e method 
and the secondary standard.method. 

I n the r e c o i l p a r t i c l e method, the neutron beam impinges 
upon a t h i n layer of hydrogeneous material and the protons, 
r e c o i l i n g from neutron c o l l i s i o n s , are counted. For 
a quantitative measurement of the neutron f l u x , a knowledge 
of the n-p scattering cross section i s required, but, since 
a l l n-p c o l l i s i o n s are e l a s t i c , t h i s can be accurately 
determined by the transmission technique, previously 
described. Having eatablished t h i s , the proton r e c o i l 
detector can then be used to monitor i r r a d i a t i o n s . 

During the i r r a d i a t i o n the monitor ( i . e . the proton 
radiator ) and the sample subtend precisely determined 
s o l i d angles at the neutron source. The f l u x through 
the sample i s then .simply related to that detected by the • 
monitor. The c a l c i i l a t i o n assumes that the neutrons are 
produced by a point source f i x e d i n position and that 
the f l u x through the sample does not vary with thickness. 
Errors, arising from these assumptions and from errors i n 
the measurement of the s o l i d angles subtended by sample 
and monitor at the source, are minimised by i r r a d i a t i n g 
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both the sample and the monitor under conditions of 
"̂ good geometry". That i s , well removed from the 
immediate target area. 

I n the associated p a r t i c l e technique, the charged 
p a r t i c l e s , vdiich are the secondary products of the neutron-
producing reaction, are counted. For example, the 
neutron f l u x from the H^(d,n)He^ reaction i s measured 

4 
by counting the He nuclei. This was the method employed 

1 8 
by both Paul and Clarke and Yasumi . The cj(-particles, 
r e c o i l i n g from the reaction i n t o a ca r e f u l l y measured 
s o l i d angle are detected (Paul and Clarke used a proportion­
a l counter and Yasumi an> o c - s c i n t i l l a t i o n counter) and 
the number of these can be d i r e c t l y equated to the number 
of neutrons emitted i n t o the corresponding s o l i d angle, 
which, because of the motion of the centre of gravity of 
the system, does not l i e i n exactly the opposite dir e c t i o n . 
Since the neutron d i s t r i b u t i o n with angle i s known (and 
i s , i n f a c t , i s o t r o p i c i n the centre of mass system at these 
energies), the f l u x through the sample, which also subtends 
a precisely defined s o l i d angle, can then be calculated. 

Here again, the sample must be irra d i a t e d under 
conditions of good geometry to minimise errors due to the 
f i n i t e size of the neutron source and the f i n i t e thickness 
of the sample. 
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This condition i s the l i m i t i n g factor i n the 
application of both the r e c o i l p a r t i c l e and the associated 
p a r t i c l e techniques to the measurement of absolute neutron 
flux e s . Good geometry can only be attained at the expense 
of the neutron f l u x , which decreases with distance from 
the target i n accordance with the inverse square law, A 
compromise has to be made between the geometry of the 
sample and the neutron flax through i t , vdiich must be 
sTifflciently intense to induce a measurable a c t i v i t y . I n 
f a c t , i f very small cross sections are to be measured, 
good geometry simply cannot be ^ f o r d e d , 

e.g. The strength of the 14 Mev neutron source i n 
Q 

our laboratory i s of the order of 10 neutrons/sec, 
A calculation of the neutron f l u x required to make 

a t y p i c a l cross section measurement shows very clearly 
that good geometry cannot be afforded. 

At saturation 
I = N. o-. ^ 

where I i s the a c t i v i t y produced i n the reaction 
N i s the number of sample nuclei 
C i s the cross section f o r the reaction 

and ^ i s the neutron f l u x . 

For an accurate measurement, the minimum value of 
I that can be tolerated i s about 10 d,p.s. 
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Then I = 10 d.pe. 
21 

N = 10 (ca. 0.3 gm. of a heavy element) 
cr = 10"̂ '̂ cm̂  ( i . e . 1 mb.) 
yD^ ^Q21 = 10 neutrons/cm /sec. 

The usual length of an i r r a d i a t i o n i s about 2 hrs. 
( a f t e r which the source strength diminishes) and, i f the 
h a l f - l i f e of the a c t i v i t y i s 20 hrs, i t can be assumed 
to have reached only one tenth saturation at the end of 
the i r r a d i a t i o n . Then, the neutron f l u x required to 

8 2 
produce an a c t i v i t y of 10 d.p.s. w i l l be 10 neutrons/cm / 

Q 

sec. The t o t a l source strength i s 10 neutrons/sec, so 
the sample must be i r r a d i a t e d w i t h i n a centimetre or two 
of the target. This i s not compatible with conditions 
of good geometry. 

The t h i r d method of monitoring the neutron f l u x , the 
secondary standard method, i s p a r t i c u l a r l y adaptable 
to the measurement of small a c t i v a t i o n cross sections. 
The a c t i v i t y induced i n the sample i s compared with that 
induced i n a reference element exposed to the same neutron 
f l u x . The unknown cross section can then be calculated 
i n r e l a t i o n to the known cross section of the reference 
reaction. Obviously, the accuracy of a l l cross 
sections measured by the secondary standard method i s 
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dependent upon the asstmied value of the reference cross 
section, which must f i r s t be established by either 
the r e c o i l p a r t i c l e or the associated p a r t i c l e techniques. 

Experimental techniques are directed towards 
achieving the condition that the sample and reference 
are exposed to the same neutron f l u x . 

I n one method, which has been used,'̂ *̂ *̂ ''*'̂  a disc 
of the sample material i s i r r a d i a t e d between two 
i d e n t i c a l l y sized discs of the reference element, which 
i s i n the form of a t h i n metallic f o i l . The a c t i v i t i e s , 
induced i n each disc are measured and the mean of the 
two reference disc a c t i v i t i e s i s a measure of the neutron 
f l u x through the sample. The error i n t h i s method i s 
la r g e l y that of estimating the "true" reference disc 
a c t i v i t y ( i . e , the a c t i v i t y which would have been 
induced i n a reference disc occupying exactly the same 
po s i t i o n as the sample). The method i s most successful 
when the sample i s a t h i n f o i l and the "sandwich" i s 
ir r a d i a t e d i n good geometry. I t i s not suitable when 
the sample material i s a powder, especially i f i t needs 
to be i r r a d i a t e d close up to the target. 

An alternative method has been developed f o r the 
present work. I n t h i s method the sample material i s 
ir r a d i a t e d i n a homogeneous mechanical mixture with the 
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reference element. They are separated af t e r the 
i r r a d i a t i o n and t h e i r a c t i v i t i e s determined. This 
technique i s p a r t i c u l a r l y Insensitive to fluctuations 
i n the posi t i o n of the neutron source and there i s no 
objection to bulky samples. Consequently, the mixture 
can be placed r i g h t up against the target, making the 
best use of the neutron f l u x . The sample can also be 
i r r a d i a t e d i n powder form, f a c i l i t a t i n g easy dissolution 
and speedy chemical separations a f t e r the i r r a d i a t i o n . 
This i s a great advantage. No precise geometrical 
measurements need to be made the the only inherent error 
of the method l i e s i n the p o s s i b i l i t y that the mixture 
may not be homogeneous. This p o s s i b i l i t y was thoroughly 
investigated and errors a r i s i n g from inhomogenity of the 
mixture were shown to be less than f i v e per cent. 

The c r i t e r i a governing the choice of a secondary 
standard or reference reaction are 

i ) I t should have a f a i r l y high cross section, 
which has been r e l i a b l y determined by an 
absolute method, 

i i ) The reference element should be easily 
attainable i n a high state of chemical p u r i t y , 

i i i ) The resultant a c t i v i t y should have a convenient 



- 18 -

h a l f - l i f e (allowing i t to be l e f t f o r a 
short time while attention i s being paid to 
the sample) and i t should be uncontaminated 
by other a c t i v i t i e s induced i n the reference 
elanent by other reactions, 

i v ) I t should have a f a i r l y high threshold energy 
to discriminate against scattered and degraded 
neutrons. 

Another c r i t e r i o n applies only to the homogeneous mixture 
technique, 

v) The reference element should be easily 
separable from mechanical mixtures. 

Reactions which have been employed as secondary 
standards are: . 

Al^(n,cX)N2^ 
Fe^^(n,p)Mii^^ 
Cu^^(n,8n)Cu^2 

Of these, only the Fe^(n,p)Mn reaction s a t i s f i e s the 
f i f t h c r i t e r i o n , i r o n granules being easily separable 
from mechanical mixtures magnetically. This was chosen 
as the reference reaction i n ilihe pr.es.ent.wprk. 
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Several tolerably concordant values f o r the 
Fe (n,p)Mli cross section exist i n the l i t e r a t u r e and 
the value assumed i n t h i s work, 184 m i l l i b a r n s , i s an 
average of these. At the same time, an experiment 
i s being conducted i n conjunction with t h i s work to detea?-
mine the Fe (n,p)Mn cross section absolutely, and a l l 
r e s u l t s w i l l be re-adjusted to f i t t h i s value when i t 
becomes available. 

The method used i s a v a r i a t i o n of the associated 
4 

p a r t i c l e technique. The He nuclei are collected i n an 
aluminium f o i l . This i s dissolved releasing the helium, 
which i s measured using an apparatus specially designed 
f o r the separation, p u r i f i c a t i o n and measurement of small 
volumes of helium (of the order of 10 c . c ) . The 
Mn a c t i v i t y induced i n an i r o n f o i l , i r radiated i n the 
same geometry as the al-uminium, i s measured absolutely 
and, with a knowledge of the absolute cross section of 
the Fe^^(n,p)Hn^^ reaction can be calculated. The 
experimental set-up i s depicted i n Fig. 1, 

I n Fig, 1::-
2 "5 A i s a very t h i n A l f o i l (1.5 mgm./au ) to stop He 

2 3 
p a r t i c l e s produced by the H (d,n)He reaction. 
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FIG.I ABSOLUTE DETERMINATION OF 
THE Fltn,p)Mr?^CROSS SECTION. 
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o 
B i s a thicker Al f o i l (6.0 mgm./cm ) to collect a l l 

4 
He nuclei r e c o i l i n g from the reaction i n t o the 
s o l i d angle depicted. 

C i s an i r o n f o i l (120 mgm./cm ) activated by neutrons 
emitted i n t o the same s o l i d angle as the He* nuclei. 

Corrections must be made f o r the centre of mass motion 
of the system and f o r the small spread i n p a r t i c l e energies, 
a r i s i n g from the f i n i t e thickness of the t r i t i u m target. 
The ex c i t a t i o n function of the Fe^®(n,p)Mn^^ reaction 
must also be known to calculate i t s cross section f o r 
neutrons emitted i n the forward d i r e c t i o n , which are more 
energetic than those i n the backward dir e c t i o n . The 
exc i t a t i o n function of the Fe^^(n,p)Mn^ reaction has 

18 
been p l o t t e d by Terrel and Holm. 

Determination of absolute disintegration rates 
Several methods of determining absolute disintegration 

rates are available and, i n choosing one, a compromise 
must be made between the accuracy of the technique and 
i t s s i m p l i c i t y . 

Very accurate assays of absolute /<J>-disintegration 
rates can be made by 4 TT counting techniques, but good 
4 7? sources require considerable s k i l l and attention to 
prepare. They also require time and t h i s method i s not 
applicable to the measurement of a c t i v i t i e s with short 
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h a l f - l i v e s . Then, i f self-absorption effec^ts are to 
be n e g l i g i b l e , chemical separations must be performed with 
very small amounts of carriers and the d i f f i c u l t y of 
estimating chemical yields must be taken into account. 
477" Counting does not commend i t s e l f f o r routine measure­
ments. 

At the other extreme, no chemistry i s performed and 
a c t i v i t i e s are measured d i r e c t l y i n the activated material. 
A f t e r i r r a d i a t i o n , the sample and reference element 
are counted with the same low geometry under an end window 
Qeiger counter. Counting corrections are made with 
reference to empirical data l i k e that compiled by Gleason, 
Taylor and Tabem^^ (window absorption), Burt^^ (satura-

21 
t i o n back-scattering) and Nervik and Stevenson and 

22 
Ounninghame, sizeland and W i l l i s (self-absorption and 
se l f - s c a t t e r i n g ) . Although t h i s method f a c i l i t a t e s quick 
and easy counting, without time wasted by chemical procedures 
and source preparation, the determination of absolute 
d i s i n t e g r a t i o n rates cannot be accurate, especially where 
decay schemes are complex, 

7 
This was essentially the technique employed by Forbes 

and.by Blosser et a l , * * although the l a t t e r did chemically 
separate, resultant a c t i v i t i e s . 
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Paul and Clarke^ preceded t h e i r cross-section 
measurements by an examination of t h e i r counter e f f i c i e n c i e s 
as a function of maximum ̂ - p a r t i c l e energy, but accurate 
ca l i b r a t i o n s were not attempted. No chemical separations 
were performed. 

Q 

Yasumi calibrated h i s counting apparatus against 
a 47r counter, but he also did not make any chemical 
separations. 

I n the present work, the determination of absolute 
d i s i n t e g r a t i o n rates has been given close attention. 

23 
The 47r cotmting technique, developed by Pate and Yaffe 

24 
and Hawkings et a l , has been thoroughly investigated 
and used to standardise an end window proportional counter 
and a halogen-quenched l i q u i d counter. 

The d i r e c t use of the 4Tr counter for absolute 
^-counting was re;)ected f o r the reasons outlined above, 
namely, the time consumed by the process of source prepara­
t i o n and t h e i r introduction i n t o the sensitive volume 
of the counter, and the d i f f i c u l t y of performing chemical 
separations w i t f i the very small amounts of carriers which 
must be used. The time-constuning necessity of introducing 
sources i n t o the sensitive volume of the counter was also 
an objection to the use of a 2Tr counter and, at the 
s a c r i f i c e of some of the coimting e f f i c i e n c y , an end 
window counter was preferredi. 
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S c i n t i l l a t i o n counting does not easily lend i t s e l f 
t o absolute ^ - c o u n t i n g , the absence of a coiuiting 
plateau making r e p r o d u c i b i l i t y d i f f i c u l t , and an end 
window gas-£low proportional counter was preferred to a 
Geiger counter, mainly because of i t s better reproduci­
b i l i t y and thinner window. The l a t t e r f a c i l i t a t e s the 
assay of less energetic ^ - a c t i v i t i e s . 

The a c t i v i t i e s induced i n the various elements' 
i r r a d i a t e d were counted either under the proportional 
counter or i n the l i q u i d counter, depending upon which 
was the most e f f i c i e n t or reproducible f o r a pa r t i c u l a r 
a c t i v i t y . Usually, those a c t i v i t i e s produced by (n,p) 
and (n,o() reactions were chemically separated from the 
i r r a d i a t e d material and moxinted as s o l i d sources (ca. 
10 mgs./cm ) f o r counting under the end window counter. 
A c t i v i t i e s induced by (n,V ) and (n,8n) reactions were 
more e f f i c i e n t l y measured i n the l i q u i d counter, since 
they were in e v i t a b l y mixed with the isotopic target 
mat e r i a l . 

Both the end window counter and the l i q u i d counter 
were calibrated f o r various radioactive nuclides, 
standardised by the 4Tr counter, curves of counting 
ef f i c i e n c y as a function of maximum ^ - p a r t i c l e energy 
were constructed f o r each. Then, when i t was not 
possible to calibrate the counters f o r the p a r t i c u l a r 
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nuclide under investigation, f o r example, when the 
nuclide had a short h a l f - l i f e or was f o r some other 
reason unobtainable with a high specific a c t i v i t y , the 
counter e f f i c i e n c i e s could be accurately interpolated 
from the curves. This was p a r t i c u l a r l y true of the 
end window counter, the efficiency of which was not 
very sensitive t o changes i n ^-energy. 
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CHAPTER 5> 

EXPERIMENTAL PROCEDURES 

Part 1 The neutron generator. 
A high f l u x of essentially monoenergetic neutrons 

3 4 
(E^*^14MeT) was produced "by the H (d,n)He reaction 
(Q s + 17,58 Mev). This reaction had a high "broad 
resonance with a maxiinuzn f o r 109 kev deuterons, and a 
deuteron heam of suitable energy was produced by the 
Cockroft-Walton type accelerator, b u i l t i n t h i s 

25 
laboratory by G.R. and E.B.M. Martin. A photograph 
of the accelerator i s included. 

The Cockroft-Walton voltage quadrupling c i r c u i t 
i s depicted i n Pig. 2. The mains voltage (v-" 240 v o l t s 
and 50 cycles/see.) i s supplied v i a a Variac to the 
primary of a bi g transf cirmer, capable of 100 kv peak 
output voltage. This i s fed to the quadrupling c i r c u i t 
v i a a l i m i t i n g resistance, and the high D.C voltage 
b u i l t up> i s shared equally across the two gaps i n the 
accelerating tube, depicted i n pig. 3» 

To prevent e l e c t r i c a l breakdown, the accelerating 
tube must be maintained at a pressure of about 10"^ mm. 
Hg, and, as deuterium gas i s continuously being fed i n t o 
the ion source, t h i s requires high speed pumping. The 
deuterium i s fed i n t o the ion source through a heated 
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palladium tube and ionised "by a high frequency electrode-
less discharge. This i s maintalnecli "by an R.P, o s c i l l a t o r , 
the ion source "being encircled "by a copper tuhe, which 
forms part of a c i r c u i t tuned to resonance with the 
o s c i l l a t o r . ions are extracted from the discharge through, 
a narrow canal, hy applying a voltage of a few kv hetween 
the canal and a tungsten prohe at the top of the source. 
The extracted deuterons are focussed i n t o a "beam and 
accelerated "by a voltage of about 40 kV" applied across 
the c a r e f u l l y adjusted gap TDCtween the canal and the top 
of accelerating tube. The "beam i s further accelerated 
to i t s maximum energy "by the high D.C potential shared 
across; the two gaps i n the tuhe. 

The deuteron heam impinges on a t r i t i u m target, the 
t r i t i u m "being a"bsor"bed i n a t h i n f i l m of zirconium or 
tit a n i i i m metal supported on a copper "backing. Each 
target disc (diameter 2»5, cms,) contains about one curie 
of t r i t i u m (0.3 ml. at S.T.P) absorbed i n 2 mgs. of 
titanium. This i s equivalent to an atomic r a t i o of 
3H t o 4Ti, although higher r a t i o s can be obtained. 

The targets, prepared by the method developed by 
26 

Graves et a l , were bought from A.E.H.E. Harwell, and, f o r 
convenience, each disc was divided i n t o four segments, 
which were bombarded separately. 

The target segments were soldered on to the brass 
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target block of the accelerator and samples were 
i r r a d i a t e d close up to the bottom of the block. The 
target assembly i s depicted i n pig. 4. i t i s centrally 
situated i n the target chamber, well removed from the 
f l o o r , walls and objects that might increase the f l u x of 
scattered, degraded neutrons i n the area of the sample. 
A movable molybdenum disc protects the target from 
bombardment u n t i l the neutron f l u x i s required. 

The energy of the incident deuterons was slowly 
increased by means of the Variac' to about 130 key and the 
beam current was. usually of the order of 2 0 0 ^ amps. 
This corresponded! to the dissipation i n the target block 
of about 30 watts and, during an i r r a d i a t i o n , the block 
was water-cooled. 

A rough es^timate of the neutron y i e l d has been 
made by measuring the Cu^^ a c t i v i t i e s induced i n copper 
discs, i r r a d i a t e d with known geometry - the secondary 

g 
standard method. About 10 neutrons/sec. are obtained 
from a fresh target. 

AS stated, the energy of the incident deuterons 
was 130 kev, but, as they penetrate the titaniiam-
t r i t i u m layer, the deuterons are degraded. Deuterons, 
ranging i n energy from 130 keV down to zero, react, with 
t r i t i u m nuclei to produce neutrons, but i t can be seen. 
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on examining the graph of the cross section of the 
H!p(d,n)He^ reaction as a function of deuteron energy,^''' 
that over eighty per cent of the neutron f l u x i s 
produced by deuterons with energies between 80 kev and 
130 kev. The resonance peak of the reaction i s f o r 
109 kev deuterons. Neutron energies as. a function of 
angle of emission have been pl o t t e d f o r these three 
deuteron energies (Pig, 5) and i t can be seen that i n 
the angular spread of neutrons u t i l i s e d , energies range 
from 14.5 lev to 14.9 MeV, with the average energy of 
the neutron f l u x at 14,7 Mev. Thus, although the 
neutrons are not t r u l y monoenergetic, they are defined 
i n a narrow energy range. 

I r r a d i a t i o n s were usually started by removing the 
molybden\m3 shutter from the path of the deuteron beam 
and they could be instantaneously stopped by running 
down the probe voltage on the ion source. This was 
convenient as i t did not necessitate entering the 
target chamber, which presented a considerable health 
hazard while the set was running, 

pluctuations i n the neutron y i e l d were monitored 
by a proton-recoil s c i n t i l l a t i o n counter, which operated 
with, a high bias voltage to discriminate against neutrons 
of lower energy. Knowledge of the v a r i a t i o n of the 
neutron f l u x during the course of an i r r a d i a t i o n was 
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essential, as the corrections, which had to be applied 
to d i f f e r e n t induced a c t i v i t i e s , varied considerably 
with t h e i r h a l f - l i v e s . jDhe neutron monitor count 
was recorded at i n t e r v a l s which were short compared to 
the shortest h a l f - l i f e under investigation. 

Besides the fluctuations i n the neutron y i e l d , 
which were probably due to small fluctuations i n the 
po s i t i o n of the deuteron beam, there was a steady f a l l 
i n the y i e l d , probably due to loss of t r i t i u m from the 
heated area of the target. A device f o r moving the 
target assembly about with respect to deuteron beam 
was operated by remote control from the control room, 
^h i s ensured that the whole area of the target segment 
was exposed to deuteron bombardment, but the l i f e of 
one segment was, i n general, l i m i t e d to about f i v e hours 
bombardment, by which time the neutron y i e l d had 
dropped to about ten per ceiit of i t s i n i t i a l value. 

At t h i s stage, the contribution to the t o t a l 
neutron f l u x of neutrons of lower energy becomes appreciable. 
During the course of an i r r a d i a t i o n , deuteriijm accumulates 
i n the target from the deuteron beam and 2.5 Eev neutrons 
are produced by the H^(d,n)He^ reaction. Most of the 
reactions studied had thresholds above 2.5 MeV and these 
DfD neutrons did not represent a problem, but (n, !f ) 
cross sections increase with decreasing energy, and the 
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contribution of neutrons of lower energy to measured (n, t ) 
cross sections had to be- ascertained. The experiment 
i s described i n r e l a t i o n to the measurement of the 
I'^^'''(n, )f cross section, but the build-up of 

deuterium i n the t r i t i u m target i s depicted i n pig, 6. 
The f l u x of D+D neutrons can be seen to r i s e t o a 
saturation l e v e l a f t e r about 500^amp, hrs, bombardment. 
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Part 2 Counting Equipment 
As stated i n Chapter 2, the a c t i v i t i e s induced i n 

the i r r a d i a t e d materials were measured by either an end 
window proportional counter or a halogen-quenched l i q u i d 
counter and these were calibrated f o r absolute counting 
by comparison with a 4 7? teclinique. 

a) The 47r counter 
The 4'rf counter i s depicted i n Pig. 7. I t i s a 

gas-flow proportional coimter, consisting of two c y l i n d r i c a l 
chambers .hinged together so t h a t , when i n operation, 
the source support l i e s , i n the equatorial plane. The 
chambers have separate anode wires, l y i n g p a r a l l e l above 
and below the source support and connected externally to 
the B.H.T. supply. 

The gas, a standard mixture of 90^ argon and 10^ 
methane, was freed of oxygen and water vapour by 
passage through tubes containing heated platinum gauze 
and «Anhydrone", and passed through the counter at a 
pressure just s l i g h t l y above atmospheric. The flow 
rate was determined by a needle valve at the i n l e t . I t 
was shown that counting rates were v i r t u a l l y independent 
of the gas flow rate above a certain minimum, which was 
about 0.5'ml./sec. The couhter was; operated with a gas 
flow rate of about 0.75 ml./sec. 
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The electronic apparatus and the gas-flow system, 
associated with the counter, were i d e n t i c a l to those 
associated with the end window counter, which are 
depicted i n p i g . 11. i n f a c t , the 4tr and end window 
counters were completely interchangeable. 

The 47r counter normally gave a plateau more than 
300 v o l t s long. The optimum counting voltage f o r the 
standard RaE source was about 1.5 kv , but t h i s was found 
to vary considerably with ^-energy, and i t was the 
usual practice to draw a fresh plateau f o r each a c t i v i t y . 
The co\inter was operated with the scaler paralysis time 
set at 50 ^ s e c s . I t was completely enclosed i n a 
standard lead castle, which reduced the background count 
to about 35 c.p.m. f o r the twin counters. 

As can be seen from Pig. 7, the active sources are 
placed inside the sensitive volume of the counter, which 
has to be opened whenever i t i s desired to change a 
source. After every such operation, the counter was 
slow to regain i t s s e n s i t i v i t y . Although t h i s process 
could be speeded up by flushing the a i r out of the 
counter with an increased gas flow rat e , there was, of 
necessity, an i n t e r v a l of about seven minutes associated 
with the changing of sources. 
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b) preparation of 4fr sources 
The source supports were very t h i n (ca. 20 gms,/cm^) 

VYNS p l a s t i c f i l m s , supported on aluminium rings ( i n t e r n a l 
diameter - 2.6 cms.) and gold coated on one side to give 
them conducting properties. The manufacture and 
properties of these 4Tr source supports are described by 
Pate and Yaffe.^^ 

A one-third saturated solution of VYNS resin i n 
cyclohexanone (a saturated solution contains 1 volume 
of r e s i n i n 2 volumes of solvent) was allowed to spread 
evenly over the surface of a trough of water. The cyclo­
hexanone solvent dissolved, leaving a VYNS p l a s t i c f i l m 
on the surface. A rough guide to the thicknesses of 
d i f f e r e n t sections of the f i l m i s provided by the i n t e r ­
ference colours i n ref l e c t e d l i g h t . The thinnest 
sections were generally too f r a g i l e to be useful, but 
s l i g h t l y thicker sections {20jj^ gms/cm ) were l i f t e d from 
the surface on a wire frame and placed on the aluminium 
rings while s t i l l tacky. The exact thickness of the 
f i l m s could, i f ' needed, be determined spectrophotometri-
c a l l y with reference to the c a l i b r a t i o n curves constructed 
by Pate and Yaffe. 

The source supports were rendered conducting by 
evaporating a t h i n layer of gold on to one side of the 
f i l m s . The thickness of the gold layer infeed be no more 
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o 
than 5^gms/cm. , when the films appear a pale "blue-
green by transmitted l i g h t and purple i n reflected 
l i g h t . The exact thicloiess of the gold layer could he 
measured, again hy using a spectrophotometer. 

These f i l m source supports were, understandably, 
not very robust and some broke, apparently unaccountably, 
at d i f f e r e n t stages during the process of source prepara­
t i o n . But, with practice and care, ninety per cent 
suceess was; attained. 

Before preparing a source, the uncoated side of the 
f i l m was treated with a very d i l u t e i n s u l i n solution 
to f a c i l i t a t e the uniform spreading of the a c t i v i t y . 
About 1 mg. of i n s u l i n was dissolved i n 10 mis. of 
d i s t i l l e d water with 1 drop of cone. Hd. By means, 
of a f i n e l y adjustable dropper arrangement (Fig. 8 ) , a 
l i t t l e of t h i s solution was placed on the f i l m and allowed 
to wet the surface around the centre. Excess i n s u l i n 
s olution was drawn o f f and the remainder evaporated under 
a heat lamp. Later, when a drop of the active solution 
was evaporated on the f i l m , the a c t i v i t y was dis t r i b u t e d 
evenly over the area wetted by the i n s u l i n solution. 
I n the absence of a spreading agent, the active solute 
retreated to the centre of the f i l m with the diminishing 
globule of solvent and c r y s t a l l i s e d from the l a s t drop. 



m 

UJ u > u 
Q 
O 
z 
Q < UJ 
CC Q_ C/) 

c/) 

00 



- 35 -

As the solutions used were never t r u l y " c a r r i e r - f r e e " , 
counting losses due to self-absorlDtion woixld have hecome 
s i g n i f i c a n t , and not easily calculable i n the absence of 
the i n s u l i n spreading agent. 

Aliquot parts of the active solutions were weighed 
onto the f i l m s and evaporated under a heat lamp. Replicate 
sources f o r each a c t i v i t y were prepared and counted. 

c) -The performance of the 47r counter 
The r e p r o d u c i b i l i t y of the 47r counting technique 

was f i r m l y established, and i t s 100^ efficiency confirmed 
by comparison with several other methods of absolute 
^-counting. 

Whenever standardisations were performed, replicate 
4 TT sources were prepared from d i f f e r e n t weights of active 
solution. The specific a c t i v i t i e s of these sources were 
always i n close agreement, demonstrating that with the 
r e l a t i v e l y carrier-free solutions used, counting losses 
from self-absorption were ne g l i g i b l e . Sources were also 
occasionally counted i n two or three d i f f e r e n t 4Tr coimters, 
using d i f f e r e n t electronic equipment, and results: varied 
by less, than h a l f a per cent. A t y p i c a l group of results 
i s presented i n Table 1. 

I t was also shown that the 4TT efficiency was independent 
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TABLE 1. MEASURED SPECIFIC ACTIVITY OF A Au 198 S6LDTI0N 

47r counter(59) 

source Weight of 
NO. active 

s d u t i o n 
mgs. 

Specific 
a c t i v i t y 
d.p.ra./ 

mg. 
Mean 

47f counter 4?'' counter 
(60) (61) 

Mean Mean 
specific specific 
a c t i v i t y a c t i v i t y 
d.p.m./mg. d,p.m./mg. 

1 
2 
3 
4 
5 

67.6 
85.8" 
59.4 
78.0 
82.9 

187.2 
187.7 
188.0 
187.0 
187.0 

187.6 187.0 188.0 

of / ^ - p a r t i c l e energy, at lea s t , w i t h i n the normally 
encountered range of energies, i n connection with the 

90 
c a l i b r a t i o n of the end window counter f o r Sr (E/*max = 

90 
0.54 MeV), 47? sources of cleanly separated Sr were 

90 
prepared and guickly counted. The growth of Y (E^max = 

90 
2.26 MeT), the 64 hr. daughter of Sr , was traced to 
secular equilibrium, when the t o t a l a c t i v i t y was exactly 

90 
twice the i n i t i a l a c t i v i t y of the Sr , as i t should be 
i f the Sr^^ and Ŷ ^ ^ - p a r t i c l e s were being counted with 
the same efficiency. The growth curve i s reproduced i n 
Fig. 9, 

i n another experiment, a small movable S source was 
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counted i n diffei^ent positions i n the plane normally 
occupied by a 47r source. The measured decreases i n the 
counting efficiency at d i f f e r e n t distances from the centre 
of t h i s plane are tabulated below (Table 2), I t can be 
seen that counting losses from edge effects, can be 

TABLES;. VARlAriOH OF COUMTIM? EPFICIMCY WITH DISTANCE 
FROM THE CENTRE OP TH.Br 4Tr COIMTER 

% iiOss of efficiency 
Distance from perpendicular to p a r a l l e l to 

centre of counter anode wire anode wire 
mms, 
1 0 + 0+ 
5 0.6 0.2 
9 0.6 0.3 
13 0.5 2.0 

+ The counter i s assumed 100^ e f f i c i e n t at the centre. 
The diameter of the counter i s 26 mms, 

neglected so long as the source i s confined to a small 
area (diameter v ^ l . 5 cms.) at the centre of the source 
support. 

The absolute specific a c t i v i t i e s of standardised 
solutions of Au^^® and p^^, d i s t r i b u t e d by the National 
physical Laboratory, were measured by the 41f technique 
and agreed with the N.P.L, values to wit h i n t h e i r quoted 
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198 
errors. The absolute disintegration rate of the Au 
solution was determined separately by / i ? - coincidence 
counting. A value of 24.43 yt/c./gm. was obtained compared 
to the value of 24.80 ̂ c./gm. obtained by ̂ Yf counting. 

The absolute specific a c t i v i t y of a S solution was 
determined by several groups of workers. Their results 
are presented i n Table 3. I t can be seen that the 
r e s i i l t obtained here compares favourably with the others. 
TABLE 5. RESI3LTS OF THE STANDAjRDISATION OF A Ŝ ^ SOLDTION 

BY DIFFERENT ESTABLISHMENTS 

Where the standardisa- Technique Mean value of 
t i o n was performed used specific a c t i v i t y 

yt<c./gm. 

N.P.L. 4 TT proportional 192.3 
counting 

A.E.R.E. Geiger „ 
Harwell counting ^ ̂ ' 
R.C.C. 4Tr proportional 
Amersham counting 

Here 4 proportional 
counting 

205.0 

195.8 

The 41T counting technique used here has been thoroughly 
investigated. The cali b r a t i o n , o f other counters with 
respect t o the 4Tr counter coTild be confidently assumed 
accurate to w i t h i n a per cent or two. 
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d) The end window gas-flow >tf-proportional counter 
The counter i s depicted i n p i g , 10 and the associated 

electronic equipment and gas-flow system are shown 
schematically i n pig, 11 , As stated, these were i d e n t i c a l 
to those of the 4'7r counter, and the gas-flow system i s 
described i n section ( a ) . Th© gas flowed through 
the counter at a rate of about 0 .75 ml,/sec. As i n the 
case of the 4Tr counter, the flow rate was found to be 
not very c r i t i c a l above a certain minimum, i n t h i s case 
about 0 , 4 ml,/sec. 

The end window of the counter (diameter - 2 .6 cms.) 
o 

was a very t h i n VYNS p l a s t i c f i l m (80 gms./cm. ) , pre­
pared i n the same way as the 4'n' source supports, but with 
several layers of f i l m . Th© f i l m was gold-coated on 
one side to give i t conducting properties. With t h i s 
very f r a g i l e window, care had to be taken to ensure that 
the gas did not b u i l d up a. pressure, especially vdaen 
removing and replacing the gas leads. 

The anode loop, kinlcless, and f inch i n diameter, was 
of constantan (0 ,001 inch i n diameter). I t was soldered 
i n t o a fin e n i c k e l tube and suspended f inch from the 
counter window. The ni c k e l tube was insulated from 
the counter walls by suspension from a t e f l o n plug. 
With the sensitive volume of the counter thus defined, 
a plateau of about 250 v o l t s was obtained. The optimum 



0 Anode 

V Y N S 
window 

Ga»-flow 

FIG.IO END WINDOW 
COUNTER. 



00 
0 

c 50 
0 ^ 2 i 

< 

u 
I 

cr 
O 

CO 
y 
z 
O 

8̂ 

coQ < Z 
OUJ 

o 



- 40 -

counting voltage was of the order of 1.7 kv, but varied 
s l i g h t l y with /^-energy. Like the 4 tr counter, the end 
window counter was operated with the scaler paralysis 
time set at 50 ^ s e c s . 

The counter was enclosed i n a lead, castle, which 
reduced the background count to about 14 cp.m . 

Puls;es from the proportional coiinters, 4 "if as well 
as end window, were amplified externally by a factor of 

g 
10 , Care had to be taken to prevent spurious pulses, 
passed along the mains, from recording. Sources of 
spurious pulses were traced and eliminated. 

I n humid weather there was a tendency f o r the counter 
i n s u l a t i o n to break down across the surface. This was cured 
by wiping the in s u l a t i o n with methanol and drying i t with 
a h o t - a i r d r i e r . 

e) Preparation of s o l i d sources f o r the end window counter 
TO f a c i l i t a t e the accurate c a l i b r a t i o n of the end 

window counter, a l l s o l i d sources were prepared by a 
standardised technique, 

i n the f i n a l stage of a chemical procedure, the 
a c t i v i t y w i th i t s inactive c a r r i e r was precipitated i n a 
suitable gravimetric form, Th© precipitate would normally 
weigh about 10-20 mgs., depending upon the chemical y i e l d 
of the procedure. The sources were prepared by uniformly 
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c o l l e c t i n g the active precipitates on glassr^fibre f i l t e r 
discs (Whatman GF/A 2.1 cms.) supported on sintered 
polythene i n a demountable f i l t e r funnel (Fig. 12). The 
i n t e r n a l diameter of the f i l t e r funnels was standardised 
at I inch. The sources were supported on standard 
aluminium trays and counted with reproducible geometry 
w i t h respect t o the sensitive volume of the counter. 

Chemical yields were determined by direct weighing. 
Herein l a y the great advantage of using glaas-fibre. f i l t e r 
discs as opposed to f i l t e r - p a p e r discs, which were used 
i n i t i a l l y . A considerable error was introduced i n the 
use of the l a t t e r by t h e i r hydrophilic property. I t was 
necessary to tare the discs and weigh the sources under 
very c a r e f u l l y regulated conditions, i f the weights of 
the discs were to be assumed constant. This was most 
unsatisfactory. The glass-fibre f i l t e r discs absorbed 
n e g l i g i b l e amounts of water vapour and could be weighed 
on an open tray with l i t t l e or no v a r i a t i o n . 

A Stanton semi-micro balance (Model MClA.) was used 
and the discs were weighed to the nearest 0.01 mg. These 
weights were accurately known to w i t h i n + 0.05 mg., so 
that chemical yi e l d s , determined i n t h i s fashion, were 
accurate to w i t h i n + 0.5^. 
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FIG. 12 DEMOUNTABLE FILTER-FUNNEL. 
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f ) Calibration of the end window counter 
The absolute disintegration rates of carrier-free 

solutions of several /^'-active nuclides were determined 
by the 47r counting technique. 

Aliquot parts of these standardised solutions were 
added t o solutions of the respective inactive c a r r i e r s 
and pr e c i p i t a t e d by a recommended gravimetric procedure. 
Sources of varyJmg thickness were prepared by the standard 
f i l t e r - f u n n e l technique and counted with reproducible 
geometry. 

The emclency of the counter ( , ^ ^ g a w | g a t ? o n rate) 
was calculated f o r each in d i v i d u a l source and p l o t t e d 
against the weight of the source. These self-absorption 
curves were p l o t t e d f o r sources ranging from about 5 mgs. 
to 50 mgs. and, except f o r the nuclides o n i t t i n g low 
energy / ^ - p a r t i c l e s , counter ef f i c i e n c y varied l i t t l e with 
source thickness over t h i s range. Typical curves are 
reproduced i n Fig. 13. 

The ^ - a c t i v e nuclides, f o r which self-abso3?ption 
curves have been constructed, are shown i n Table 4. 

The counting e f f i c i e n c i e s f o r 20 mg. sources were 
interpolated from the curves and pl o t t e d against the 
^ - p a r t i c l e end point energies of the d i f f e r e n t nuclides. 
This curve i s reproduced i n Fig. 14. I t can be seen 

t h a t , above about 0.6 MeV, there i s l i t t l e or no 
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va r i a t i o n i n counter efficiency with increasing ^-energy 
This made i t possllDle to interpolate accurately the 
counting e f f i c i e n c i e s of a c t i v i t i e s , f o r whidi i t was; 
not possible to perform separate calibrations. precise 
iknowledge of /^-energies was not required, "but merely 
assurance that they were greater than 0.6 Mev. 

TABLE 4. CALIBRATION OF END WIITOOW COUHTER 

Active Carrier 
nuclide p r e c i p i t a t e E/'maxCMev) Counter efficiency 

(weighted mean) f o r a 20mg source 

1 BaSO^ 0.167 0.076 
2. Sr^O SrSO^ 0.54 0.26 
3 Pt^^*^ elemental Pt 0.67 0.32 
4. 24 NaCl 1.40 0.29 
5 p32 BiPO. ) 0.34 
6 p32 MgNH^PO^jSHgO) 1.70 

0.32 
7 Mn MnUĤ PÔ jHgO 1.90 0.27 
8 elemental i r 2.18 0.34 
9 SrSO^ ) 0.32; 

10 ^2(^204)3*'^%°) 
2.26 

0.30 
11 MgNH^AsO^jeHgO 2.55 0.31 

Counting e f f i c i e n c i e s are, to some extent, dependent 
on the electron density of the precipi t a t e and this, had 
to be regarded when in t e r p o l a t i n g . 
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g) The l i q u i d cottnter 
A halogen-quenched l i q u i d counter (Model M6H) with 

a capacity of 10 mis. was calibrated and used to assay 
the ahsolute / ^ - d i s i n t e g r a t i o n rates; of those a c t i v i t i e s 
f o r wftiich i t was not convenient to prepare s o l i d sources. 

The counter characteristics were very good. The 
threshold voltage f o r counting was at about 340 voltsi. 
Above t h i s voltage the counter plateau stretched f o r 
several hundred v o l t s . The optimum counting voltage 
was 410 v o l t s . The paralysis time on the external 
quenching u n i t (Prohe Unit Type llOA) was set at 500yWaecs. 

4 
This l i m i t e d counting rates t o about 10 c.p.m. and made 
"dead-time" corrections important. 

The counter was supported i n a lead castle, i n which 
the background count rar e l y exceeded 14 c.p.m. 

The counter e f f i c i e n c y was checked periodically with 
a standard Co^^ solution. 
h) Calibration of the l i q u i d counter 

10 ml. aliquot parts of solutions of di f f e r e n t 
^ - a c t i v e nuclides, standardised by the 4 TT counting 
technigue, were counted i n the l i q u i d counter. The 
ef f i c i e n c y , with Tnfeich they were counted, was. calculated 
and p l o t t e d against ^ - p a r t i c l e end point energy. 
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The points, a l l except one, f i t onto a smooth 
curve (Pig. 15) over an energy range of from 0.765 MeV' 
(Tl^^"^) t o 8.55 MeV (As'''^). The anomalous point 

210 
i s Bi , f o r which the counting efficiency appears much 
too low f o r i t s ^ end point energy. This i s accounted 

210 
f o r by the shape of the Bi ^ -spectrum, whi.ch i a 
f o r a "forbidden" t r a n s i t i o n . I n t h i s case, the 
end point energy does not bear the same r e l a t i o n to the 
mean energy of' the emitted - p a r t i c l e s as i t does i n 
the normal "allowed" t r a n s i t i o n . 

210 
The c a l i b r a t i o n curve, not including Bi , 

appeared to be essentially l i n e a r between 1 MeV and 
3MeV and, provided energies and decay schemes were well 
established, i n t e r p o l a t i o n on t h i s curve was accurate. 
This was very useful f o r , although i t was s t i l l preferred 
to c a l i b r a t e counters f o r the p a r t i c u l a r a c t i v i t y to 
be measured, i t was not always possible. 

Much below 1 MeV, the l i q u i d counter became so 
i n e f f i c i e n t as to be impractical. 

The ^ -active, nuclides used f o r the c a l i b r a t i o n 
are presented i n Table 5. I t can be seen that the 
electron density of the solution affects the counting 
e f f i c i e n c y somewhat. 
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FIG. 15 LIQUID COUNTER CALIBRATION 
CURVE. 
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TABLE' 5. CALIBRATION OP LIQUID COUNTER 

Active Nuclide 

T l 204 
198 Au 

Bî "̂ °(in dilute; acid) 
210 

Bl ( i n cone. soln. 
of Bi(N03)g) 

.24 Na" 
Ni 
^32 

65 

Mn^®(in d i l u t e acid) 
Mn^^(in standard acid 

mixture with 
0.5 gm. of Pe) 

„90 

^/^max?^®^) Counter 
(Weighted. efficiency 
mean) 

As 76 

0.78 
0.97 

1.17 

1.40 
1.53 
1.70 

1.90 

2.26 
2.55 

1.24 
2.70 
2.52; 

. 1.95 
6v97 
7.00 
7.93 
9.05 

8.93 
11.63 
13.32 

i ) Accessories to counting equipment 
I n general, no a c t i v i t i e s with h a l f - l i v e s shorter 

than a few minutes were measured, but there were occasions 
when i t was desired to investigate an a c t i v i t y mith a 
h a l f - l i f e of the order of seconds. I n these cases, 
of course, no chemistry was performed and i t was necessary 



- 47 -

to transfer samples from the target chamber to the 
counting room i n a very short time. This was accomplished 
by means of a vacuum tube. The sample, attached to 
the " r a b b i t " , was released from beneath the target by 
a mechanism operated from the counting room and 
dropped i n t o the tube, Tudiich transferred i t to the 
counting room i n about two and a h a l f seconds. 

The counting of these very short-lived a c t i v i t i e s 
was f a c i l i t a t e d by an electronic timing device, which 
stopped the scaler at predeterminedi intervals f o r a 
small f i x e d period, during indiich the scaler could be 
read. The timer also operated a camera which could be " 
used to record the scaler readings. 

The camera was also useful f o r tracing the decay 
of a c t i v i t i e s with long h a l f - l i v e s (of the order of 
several days). The camera was focussed on the scaler 
panel and the timing mechanism was set to take exposures 
at predetermined i n t e r v a l s over a long period of time. 
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Part 5 Chemical separations associated with the 
c a l i b r a t i o n of counters 

a) separation of Ni^^ from Co^^" 
The l i q u i d counter was calibrated f o r 2.56 hr. 

max Ni®^ ( E ^ = 1»53 ETeV). 
A high specific a c t i v i t y of Ni was obtained by 

i r r a d i a t i n g about 20 mgs. of n i c k e l wire i n the BEPO 
p i l e at A.E.R.E. Harwell, but i t was contaminated by 
some 9.2 hr. Go^^, formed by the Ni^®(n,p)Co^^ reaction. 

The Co^^ was removed by the ion-exchange teclmique 
28 

described by Kraus and Nelson. 
The nickel wire was dissolved i n a minimum of cone. 

HNOg and a few mgs. of cobalt c a r r i e r were added. The 
solution was evaporated to drsmess several times with 
the addition of cone. HCl. The nickel and cobalt 
chlorides were f i n a l l y taken up i n 1 ml. of 9N Hd. Under 
these conditions, cobalt forms complex cobaltichloride 
ions, which are strongly retained on an anion-exchange 
res i n . 

The resin bed (Dowex 2; medium porosity; mesh-
200 to 400) was prepared i n a column 5 cms. long and 0.25 
cms, i n diameter. The active solution was placed on 
the colimm and eluted with 9N HCl at a rate of 0.2: ml./nin. 
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A clean separation was effected, the nickel being 
eluted and the cobalt remaining t i g h t l y bound i n a blue 
band at the top of the column. I f i t had been required, 
the cobalt could have been stripped from the column by 
e l u t i o n with d i l u t e HCl or water. 

b) separation of Sr^*^ from i t s daughter. 
I t was required to calibrate the end window counter 

90 
f o r s o l i d sources of Sr , precipitated as SrSO^, 
because of the s i m i l a r i t y of i t s /^-energy to that 

209 209 of Pb . The counter efficiency f o r pb was required 
209 209 

i n connection with the measurement of the Bi (n,p)pb 
cross section, 

20 yr. Sr^°, i n secular equilibrium with 64 hr. Y^°, 
was obtained from the Radiochemical Centre, Amersham 

90 
and the Sr was freed from i t s daughter by the ion-

29 
exchange technique siammarised by Dalton and Welch. A 

90 90 
neutral solution of the Sr -Y mixture, containing 
added strontium c a r r i e r , was passed through a column of 
an anion-exchange res i n i n the hydroxide form. Yttrium, 
which forms an insoluble hydroxide, was precipitated 
by the resin and did not appear i n the eluate. No 
y t t r i u m c a r r i e r was ad^ed, as macroscopic amounts of 
yt t r i u m form a gelatinous pr e c i p i t a t e with the res i n , 
impeding f u r t h e r e l u t i o n . 
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Dowex 2 anion-exchange resin (medium porosity, 
200-^400 mesh) was activated by repeated washing with 
baryta, which gradually replaced the chloride ions 
on the resin by hydroxides. Baryta was preferred to 
ammonia f o r t h i s purpose, as i t contains no free 
carbonate ions from contact with the atmosphere (BaCOg 
i s p r e c i p i t a t e d ) . Carbonate'ions would compete 
favourably with hydroxide ions f o r places on the resin 
and, on e l u t i o n , the resin would r e t a i n strontium as 
well as yttrium and a clean separation would not be 
effected 

A bed of the activated resin was prepared i n a 
column, 12 cms. long and 0.4 cms. i n diameter, and 
washed with COg-free water. 

0.25 ml. of a neutral solution, containing about 
90 

6 ^ c . Of sr with 1 mg. of strontiTom c a r r i e r added, 
was placed on the column and eluted with COg-free water 
at a rate of 0.2 ml./min. An eestimated 95^ of the 

90 
Sr appesired i n the f i r s t three column volumes of 
eluate (3 mis). The f i r s t six column voliimes were 
collected and made upto-10 mis. Aliquot parts of t h i s 

90 
s o l u t i o n were d i l u t e d f o r the preparation of Sr 4 TT 
sources and s o l i d sources. 
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Residual traces of strontium were washed from the 
column by the passage of several more coliran volumes 
of water, then the y t t r i u m , which had not appeared i n 
the eluate, was stripped from the column by elut i n g with 
2^ HCl. 1 mg. of y t t r i u m c a r r i e r was added to t h i s 

90 
solution, which was also made up to 10 mis. Y 4 
sources were prepared, and both the end window and 
l i q u i d counters were calibrated. 90 90 The growth of Y in t o the Sr 4 IT sources was 
traced and the growth curve i s reproduced i n pig. 9. 
I t i s proof of the e f f i c i e n c y of the separation, the 
a c t i v i t y at secular equilibrium being just twice the 
a c t i v i t y at t ^ , the e f f e c t i v e time of the separation. 

90 
The decay of Y 4 Yf sources was traced and they decayed 

• -

almost to background. Also, the separation was 
quantitative. The absolute specific a c t i v i t y of the 
Sr^^ solution was 1.428 x 10*̂  d.p.m./rag. and that of 
the Ŷ *̂  solution was 1.43 x ID^ d.p.m./mg. at t ^ . 
c) Separation of RaE from an equilibrium mixture of 

RaD-B-P 
I t was required to calibrate the l i q u i d counter 

210 
f o r RaE(Bi ) i n connection with the measurement of 
the Bi^°^(n, ̂ )Bi^^^ cross section. 
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210 ?10 
The RaE was separated from RaD(pb ) and RaP(Po ) 

• 
electrochemically, under the conditions described by 

30 51 Haissinsky and by Bagnall, The e l e c t r o p o s i t i v i t y 
of the RaD-B-P chain increases with atomic number, and 
RaP and RaE can be removed i n turn from solution by 
spontaneous deposition on s i l v e r and nickel f o i l s res­
pectively. The process i s f a c i l i t a t e d by raised 
temperatures. 

PlO 
A solution containing about 0.1 ̂ c./ml. of Bi 

was available. 2. mis, of t h i s solution were made 0.5 N 
with respect to HCl and warmed to about 80°C over a 
water bath, A piece of s i l v e r gauze was rotated i n the 
solution f o r 45 mins. and, a f t e r removal and washing, 
t h i s was shown to have collected a high 0 ^ - a c t i v i t y 210 210 (Po ) . . The Bi was then deposited on a nickel 
f o i l under the same conditions. The nickel f o i l was 
removed from' the solution a f t e r an hour. . I t was 
thoroughly cleaned to remove a l l traces of solution, 

210 
which s t i l l contained the Pb parent of the chain, 

210 
and the n i c k e l surface with the deposited Bi was 
dissolved i n cone. HNOg. This solution was evaporated 
to dryness several times with cone. HCl, to remove a l l 
traces of nitrous fumes, and d i l u t e d f o r the preparation 
of the 4 "rr sources. 



- 53 -

210 

The decay of the Bi was traced i n both the 
4 yr counter and the l i q u i d counter. The solution i n 
the l a t t e r decayed to near background with the reported 
h a l f - l i f e of 5 days, giving proof of a clean separation 

210 
from Pb . A certain amount of o< - a c t i v i t y from 

210 
Po was detected i n the 4 YP sources. This amounted 
to about 0.5^ of the t o t a l a c t i v i t y at tQ and was 
corrected f o r . 
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Part 4 Examination of the homogeneous mixture 
technique f o r monitoring the neutron 

f l u x 
The ir o n used as a reference element was supplied 

by the Bureau of Analysed Samples, Ltd. i n the form of 
granules (»^ 0.5 mm. diameter). The granules were 
guaranteed 99.8^ pure and the l i m i t s of di f f e r e n t 
i mpurities were specified. The shape and size of the 
granules were chosen i n preference to others, because 
they appeared to have better mixing properties. The 
2.58 hr. Mn. a c t i v i t y should be free from contaminating 
a c t i v i t i e s a f t e r a few minutes. This was checked by 
trac i n g the decay of Mn^^, induced i n a sample of the 
i r o n , f o r several h a l f - l i v e s. A specimen decay 
curve i s reproduced i n Pig, 16, 

The i r o n granules were used to monitor i r r a d i a t i o n s 
by the homogeneous mixture technique. Intimate 
mechanical mixtures of i r o n granules and sample materials 
were i r r a d i a t e d close up to the target. After 
i r r a d i a t i o n , the i r o n was separated from the sample, 
using an electromagnet. A clean5^ separation could be 
effected i n less than a minute and chemical procedures 
on the sample started immediately. 

After separation from the sample mixture, the i r o n 
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(ca. 0.5 gm.) was dissolved i n 10 mis. of a standard 
acid mixture (50^ 5W HNOg and 50% 5N HgSO^), containing 
a l i t t l e manganese c a r r i e r . The solution was made up 

V to 12 mis. i n a graduated f l a s k and 10 mis. were with­
drawn and counted i n the l i q u i d coimter. The l i q u i d 
counter was accurately calibrated f o r Mn^^. 

Before applying the homogeneous mixture technique 
to the measuronent of unknown cross sections, i t was 
necessary to establish that i t was v a l i d i n practice, 
i . e . t o establish that the i r o n granules and sample 
powder could be mechanically mixed so as to sa t i s f y 
the assumption of the technique, t h a t , du^ng an 
i r r a d i a t i o n , the sample and monitor are exposed to the 
same neutron f l u x . 

To tes t the efficiency of mixing, several mixtures 
of i r o n granules and f i n e l y divided cobalt carbonate 
were i r r a d i a t e d . Both cobalt and i r o n give 2.58 hr. 
m^^f and i t i s possible to determine the Go^^{n, a()un^ 
cross, section r e l a t i v e to the Pe (n,p)Mn cross section 
without the necessity of correcting measured a c t i v i t i e s 
f o r counting efficiency and fluctuations i n the neutron 
f l u x during the course of the i r r a d i a t i o n . Th© 
r e p r o d u c i b i l i t y of values obtained f o r the Co^^(n, tf< )im^^ 
cross section i s a measure of the homogenity of the 
mixture. 
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The values obtained f o r the cross section of the 
Co^^(n,^)Mn^^ reaction, from four repetitions of 
t h i s experiment, d i f f e r e d by less than four per cent. 

I n another experiment t r i p l e mixtures of i r o n , 
magnesium oxide and aluminium granules were i r r a d i a t e d 
and the cross sections of two other possible monitor 

?7 24 PA 24 
reactions, Al (n, o<)Na and Mg (n,p)Na were 
measured r e l a t i v e to the pe (n,p)Mn cross section. 

Pour of these mixtures were ir r a d i a t e d and the 
27 24 24 24 values obtained f o r the A l (n, o( )Na and ffig (n,p.)Na 

reactions were reproducible to within f i v e per cent. 
The values obtained f o r these cross sections were 

also consistent with those obtained by other workers 
(see Chapter 4, sections (a) and (b,.)), demonstrating 
that the p r i n c i p l e of t h i s monitoring technique was 
quite sound- i n practice. 

The p o s s i b i l i t y was not overlooked that Mn̂ ^ nuclei, 
r e c o i l i n g from nuclear i n t e r a c t i o n , might lodge i n the 
sample material and i n t e r f e r e with the measurement of 
the a c t i v i t i e s indueced i n the l a t t e r , i n spite of 
subsequent chemical separations. I n the course of 
s i m i l a r work, Mrs. E,B.M, Martin i r r a d i a t e d homogeneous 
mixtures of i r o n granules and glucose and, after 
removal of the i r o n , the glucose was dissolved and 
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counted i n a l i q u i d counter. Th© presence of lEnP^ 
nuclei was detected to the extent of less than Cl^g 
of the t o t a l . This amount was so small as to he 
ne g l i g i h l e , except i n cases where the a c t i v i t y induced 
i n the sample decayed with a comparable h a l f - l i f e , 
was formed with a low cross section and was counted 
without p r i o r chemical separation, one such case 
was the measurement of the Mn^^(n, Ycross section. 
This i r r a d i a t i o n was monitored hy the Al^'''(n, o()^a?^ 
reaction. 



- 58 

Part 5. Methods of Calculation. 

A l l the cross sections reported have loeen measured 
r e l a t i v e to that of a reference reaction, usually 
pe (n,p)Mn , on the assumption that "both the sample 
and reference element have heen exposed to the same 
neutron f l u x . But, as the radioactive products;, induced 
i n the sample and reference substance, decay at d i f f e r e n t 
rates, i t i s necessary to make corrections f o r the 
decay of products during the course of the i r r a d i a t i o n . 

As mentioned i n chapter 3, the 14 MeV neutron 
generator does not produce a steady neutron f l u x and 
allowance must "be made f o r thisw 

Consider an i r r a d i a t i o n of duration Resultant 
I 

a c t i v i t i e s are plotted and the a c t i v i t i e s at time t ^ , , 
the end of the i r r a d i a t i o n , are determined hy extrapola­
t i o n . 

Variation of neutron 
f l u x with time during 
the course of an 

i r r a d i a t i o n . ' 

a) A stable nuclide, 1, i s activated during the ir r a d i a ­
t i o n , producing a radioactive nuclide, 2. The radio-
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active nuclide, 2, suhsequently decays to a stahle 
nuclide at a rate determined by i t s disintegration 
constant. A, 

i . e . 1 ^^f^)y 2 stable 

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

dNg 

dw 
where, 2 i s the rate of production of 2. 

dt 
i s the number of nuclei of 1 exposed to 

the neutron f l u x , 
Qio i s the cross section f o r the reaction 

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 2 which are produced is; 

dUg •= O-̂ g. ^ ( t ) . d t . 

and these decay exponentially so that at the end of the 
i r r a d i a t i o n , time t ^ , the number remaining i s 

dNg(tJ = N^. C^g. jZ^(t).e- ^ ('^-*).dt. 

The value of 0(t) at any instant i s not known 
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alDsolutely, "but i t s v a r i a t i o n i s proportional to the 
v a r i a t i o n i n the counting rate of the proton-recoil 
monitor, I ( t ) . 

I . e . = i ( t ) / j 

where, J. Is the factor 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. 

Thus: 

V ^ o ) = . / I ( t ) . e / ' ^ ' ^ d t 
y Jt = o 

The i n t e g r a l i s conveniently replaced t y the summa­
t i o n 

^ I . e " ' ^ ( T - t ) ) , St (alDhreviated to Sg) 

so long as <^t i s small compared to the h a l f - l i f e of 
nuclide 2. Thenr 

A similar expression applies to every nuclear reaction 
occurring during the i r r a d i a t i o n and, i f 

I r > 2r — s t a h l e 
^ r 

represents the reference reaction. 
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NgCt^) % . qg.s 2 
^2r^*o^ ^ i r - O-isr-Sgr 

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

As stated, the a c t i v i t i e s of resultant nuclides 
at time t ^ , 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(2) Cg>A.N^. g .Sg 

where, Cg and Cg^ are the detection coefficients; f o r 
the respective nuclides, 

b) I n some cases, i t was required to measure the rela­
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 radioactive nuclide, 2, Allowance must 
be, made f o r the formation of ground state nuclei v i a 
the metastable state during the course of the i r r a d i a t i o n . 
The process can be represented:. 
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2' 

X I.T. 

- stalDle 
The decay curve of the resultant a c t i v i t i e s i s pl o t t e d 

and the numher of nuclei of 2 and 2' at time t ^ , the 
end of the i r r a d i a t i o n i s calculated "by solving two 
simultaneous equations of the type 

e + 1 = A'. [ ^ * ^ : ^ • 

where, I i s the observed a c t i v i t y at time t . 
Np and Ng' are the ntunber of nuclei of the 

respective nuclides at the end 
of the i r r a d i a t i o n , time t^, 

c, the detection c o e f f i c i e n t , i s assumed to 
be the same f o r both isomers. (This 
i s j u s t i f i e d i n the case i n point 
See Table 22). 

The t o t a l number, of nuclei of 2' preaent at the 
end of the i r r a d i a t i o n i s given by 

% ' ( t o ) = .£(I.e- ^ V t ) ) . St. 

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 

y Hf N 
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where, F i s the number of nuclei of 2 foimed v i a 
the metastable 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' i s given by 

Thenr 

N = ^1 ̂ 12 ^ .£l(e- ^ '(T-t)_3-\T-t)) S 

^l<^12' A' 
7 ^ (S2* - Sg) 

and 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 

^ = i ^ - ^ ... equation (2) 
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CHAPTER 4 

THE DETAILED APPLICATION OP GEKBRAL PROCEDURES TO 
IMDIVIDUAL ELEMENTS AND THE RESULTS OP IRRADIATIONS 

a) IRRADIATION OP COBALT' 
Homogeneous mixtures of basic cobalt carbonate and 

i r o n granules were i r r a d i a t e d . 
The reaction observed i n the cobalt wasr-

Co^^(n, )Mn^^(ti = 2*58 hrs.) 
2 

The Mn^® a c t i v i t i e s induced i n both the i r o n and 
the cobalt were traced f o r several h a l f - l i v e s . 

EXPERIMENTAL DETAILS 
Treatment of cobalt carbonate.. 

Mixtures usually consisted of about 0.5 gm. of i r o n 
and 1 gm. of cobalt carbonate. After removal of the 
i r o n , the cobalt carbonate was weighed and car e f u l l y 
dissolved i n about 10 mis. of the standard acid mixture 
used to dissolve the i r o n {50^ 5N HNOg and 50^ 5N ffgSO^ 
wi t h a l i t t l e manganese c a r r i e r ) . The dissolution of 
the carbonate i s f a c i l i t a t e d by the addition of a few 
drops of a solution of NHgOH.HCl, ^ftiich reduces 
any cobaltic salts present. 
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The active solution was made up to 12 mis. and a 
10 ml, aliquot was counted i n the same l i q u i d counter 
as the solution of the i r o n monitor. 

Estimation of the cobalt content of the carbonate. 
The cobalt content of the basic cobalt carbonate-

was determined Tolumetrically, t i t r a t i n g an approx. 
0..01M: solution of the cobalt d i r e c t l y against a standard 
EDTA solution with rauxexide as indicator. The 

•32 
procedure i s described by Schwarzenbach, 

RESULTS AM) DISCUSSTOIT . 
Pour mixtures were i r r a d i a t e d and the results are 

presented i n Table 6. 
The primary purpose of t h i s i r r a d i a t i o n , as 

described i n Chapter 3, Part 4, was to test the v a l i d i t y 
of the homogeneous mixture technique of monitoring the 
neutron f l u x . The r e p r o d u c i b i l i t y of the values obtained 
f o r the Co^^(n, <9<')Hn̂ ^ cross section i s a measure of 
the success of the method. 

The mean value, 34.8 mbs. + 1.3, i s r e l a t i v e to an 
assumed value of 124 mbs, f o r the Fe (n,p)Mn cross 
section. This compares very well with the values 
reported by Paul and Clarke"^ (39,1 mbs, +• 8) and 
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Blosser et a l ^ (35.0 mbs;. + Si).* 

A l l Blosaer'! S cross sections were measured, by the 
sandwich technique, r e l a t i v e to an assimied value of 
110 mbs. f o r the p©56(n,p.)Mn°° monitor cross section. 
The; cross section q.uoted above- has been adjusted 
r e l a t i v e to the value, assumed i n the present work>. 
of 124 mbs. f o r the monitor cross section. 
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b) IRRADIATION OF ALUMINIUM MP MAGMISIUM 
Tr i p l e mixtures of ir o n granules, aluminium granules 

and f i n e l y divided magnesium oxide were irradiated. 
The following reactions were observed and t h e i r 

cross sections determinedt-

Al^'^(n,«)Na^ ) 
Mg (n,p)Na ) 

OA 

The Na a c t i v i t i e s were traced f o r about three 
h a l f - l i v e s . 

Later, a piece of aluminium f o i l was ir r a d i a t e d 
and the cross section of the reaction:-

Al^'''(n,p)Mg^^ ( t i , = 9,5 mins) 

was measured r e l a t i v e to the predetermined value of the 
nrt OA 

A l (n, fl<)Na cross section. 

EXPERIMENTAL DETAILS. 
Treatment of the mixture. 

The i r o n was separated using an electromagnet and 
the aluminium granules were e f f i c i e n t l y separated from 
the magnesiiim oxide by a seiving technique followed by 
ag i t a t i o n i n ether, 

. Af t e r separation the aluminium and magnesiumi oxide; 
were dissolved i n 5N HCl with a l i t t l e sodium ca r r i e r . 
The active solutions were made up to standard vol-qmes 
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and 10 ml. aliguot parts of each were counted i n the 
l i q u i d coimter. This had previously been calibrated 

24 
f o r Na^*. 

Treatment of the aliaminium f o i l . 
The aluminium f o i l , i r r a d i a t e d to observe the 

AI (n,p)Mg reaction, was dissolved i n 5N HCl with 
a l i t t l e magnesium, as well as sodium, c a r r i e r added. 
The solution was counted i n the l i q u i d counter. 

RESULTS AND DISCUSSION. 
The results are presented i n Tables 7, 8 and 9 

f o r four i r r a d i a t i o n s of i r o n , al\iminium, magnesium 
oxide mixtures and one i r r a d i a t i o n of alimiini-um f o i l . 
The good agreement of these was fu r t h e r proof of the 
success of the homogeneous mixture technique. 

I t can be seen from Table 10, that the values 
obtained i n the present work are i n close agreement 
with other reported values, especially f o r the 
often-measured A l ^ ( n , o^)Na^ cross section. 
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TABLE 10 
COMPARISON OP VALUES OBTAINED FOR Al^^(n,p) 
AND (n, 0<) AND Mg^^(n,p) CROSS SECTIONSMTff 

WITH LITERATURE VALUES. 

Reaction 
Measured cross section (mbs.) 

present Work Literature 

A l ^ ( n , CX)Na.^ 

ia2'^(n,p)Mg^'^ 

117 * 5 

73.5 

78.9 ± 
135 ± 9-' 

120 ± 158 
116 ± gsa 

114 ± 734 

111 ± 935 

52,. 4 + loi 
79 + 

79 
87 

115 + 

53 5'* 

Mg2*(n,p)Na 24 178 + 12 
' 191 + 37-̂  
190 + 25̂ ^ 
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c) IRRADIATION OP IODINE 
Either ammonium or sodium iodide was ir r a d i a t e d 

i n homogeneous mixtures with i r o n granules. The 
reactions observed i n the iodine were:-

25.0 mins. ± 0.1) 
Z 

13.0 days) 

( t i = 9.2 hrs.- £ 0.1) 

The product nuclides were chemically separated, 
and j^^^ decay rates were measured i n the l i q u i d 

counter and t e l l u r i u m s o l i d sources were prepared and 
counted under the end window counter. 

128 3127 The I and Te a c t i v i t i e s were, i n every case, 
traced f o r several h a l f - l i v e s . The value obtained f o r 

1P7 
the Te was s l i g h t l y lower than the accepted value 

"I OA 

of 9.4 hrs. The decay of the longer l i v e d I 
a c t i v i t y was traced on one occasion f o r three h a l f - l i v e s , 
and was consistent with a h a l f - l i f e of 13-days. 

No evidence of either a 1.3 min. or a 21 min. 
antimony a c t i v i t y , corresponding to the reported meta-

124' 
stable states of Sb , was obtained, using the counting 
techniques described. The apparent absence of the 

124 
60 day ground state of Sb i s e:3^1ained by i t s long 
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h a l f l i f e . F o r the same reason, no sign of the 115 
127 

day m e t a s t a t l e s t a t e of Te was oTaserveti, 

EXPERIME!I!TTAL DETAILS. 

p r e p a r a t i o n and s t a n d a r d i s a t i o n of c a r r i e r s o l u t i o n s . 

A suitalDle T e ( l V ) c a r r i e r s o l u t i o n was prepared 

"by d i s s o l v i n g sodium t e l l u r i t e , NagTeOg, i n water and 

a T e ( V l ) c a r r i e r s o l u t i o n lay . d i s s o l v i n g t e l l u r i c 

a c i d , HgTeO^.SHgO, Both s o l u t i o n s were standardised 

"by the recommended g r a v i m e t r i c procedure, weighing a s 

elemental t e l l u r i u m . Both s o l u t i o n s contained alDout 

10 mgs,/ml. of t e l l u r i u m . • 

An ST^CV) c a r r i e r s o l u t i o n containing about 10 mgs./ 

ml. of antimony was prepared "by o x i d i s i n g a s o l u t i o n of 

SbClg i n HCl with c h l o r i n e . T h i s s o l u t i o n was not 

svtandardised. 

S e p a r a t i o n of i o d i n e and t e l l u r i u m a c t i v i t i e s . 

A f t e r separation from the i r o n granules, the 

i r r a d i a t e d iodide was d i s s o l v e d i n IN NaOH. Sails-, of 

the T e ( i v ) c a r r i e r s o l u t i o n were added and a redox 

c y c l e was perfoimed to secure exchange hetween a c t i v e 

and i n a c t i v e s p e c i e s . 

Step 1. The s o l u t i o n , containing ahout 1 gm. of 

iodide was d i l u t e d to 40 mis, and warmed with the 
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a d d i t i o n of a 5^ NaOCl s o l u t i o n u n t i l insolu"ble NalO^ 

"began to c r y s t a l l i s e . 

Step 2. The s o l u t i o n was a c i d i f i e d "by the addi­

t i o n of cone. HCl and excess c h l o r i n e was extracted 

i n t o carhon t e t r a c h l o r i d e . 

Step 5.. The s o l u t i o n was; placed i n a 500 ml. 

s e p a r a t i n g funnel and a lOjS s o l u t i o n of NHgOIT.HCl 

was added, reducing I 0 ^ ~ to I g . T h i s was e x t r a c t e d 

i n t o carbon t e t r a c h l o r i d e , l e a v i n g the t e l l u r i u m f r a c t i o n 

i n the agueous phase. 

Iodine f r a c t i o n ; -

Step 4. The I g was hack-extracted i n t o a sodium 

s u l p h i t e s o l u t i o n . An a l i q u o t p a r t of t h i a 

a c t i v e s o l u t i o n was counted i n the standardised l i q u i d 

counter. 

TelluriTjm f r a c t i o n ? -

Step 5. The aq.ueous phase of the e x t r a c t i o n , 

c o n t a i n i n g the t e l l u r i u m f r a c t i o n , was evaporated 

i n an open d i s h u n t i l sodium c h l o r i d e hegan to c r y s t a l l i s e . 

T h i s was r e d i s s o l v e d and the s o l u t i o n was; made 

3N with resp e c t to HCl. 

Step 6. Sulphur dioxide was passed i n t o the s o l u ­

t i o n , p r e c i p i t a t i n g elemental t e l l u r i u m . The Te 
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ppt. was coagulated by "boiling f o r one minute and 
ce n t r i f u g e d . 

Step 7. The Te ppt. was p u r i f i e d "by d i s s o l v i n g i t 

i n 5N HNOg and, a f t e r removal of n i t r a t e "by repeated 

evaporation with HCl, i t was r e - p r e c i p i t a t e d from 3N Ed 

by r e d u c t i o n with SOg. 

Step 8. The T̂ e ppt. was mounted on a g l a s s f i b r e 

f i l t e r d i s c , d r i e d at 110°C., weighed and counted 

under the end window countei?, 

128 
I n general, the I a c t i v i t y was counted a f t e r 

127 
twenty minutes and the Te w i t h i n one hour of the end 

of t he i r r a d i a t i o n . 
E s t i m a t i o n of iodide. 

The number of iod i n e n u c l e i i r r a d i a t e d was estimated 

v o l u m e t r i c a l l y by the standard method described by Vogel, 

T h i s method employs the r e a c t i o n t -

KlOg +• 6HC1 + 2KI = 3KC1 + 3IC1 + 3H2O 

The end point i s i n d i c a t e d by the disappearance of the 

purple i o d i n e colour i n a l a y e r of carbon t e t r a c h l o r i d e 

i n the t i t r a t i o n v e s s e l and, with p r a c t i c e , i t canlae 

p r e c i s e l y determined. 

I n c a s e s where the r e s i d u a l iodine a c t i v i t y only 
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had "been measured, i t was s u f f i c i e n t to estimate the 

i o d i n e content of the s o l u t i o n counted i n the l i q u i d 
127 

counter,"but, where the Te a c t i v i t y had "been measured, 

an a l i q u o t of the a c t i v e iodide s o l u t i o n , "before 

a d d i t i o n of the t e l l u r i u m c a r r i e r , had also to he removed 

and estimated. 
Confirmation of complete exchange between a c t i v e and. 

c a r r i e r t e l l u r i u m ^ 
127 1P7 

P r e l i m i n a r y measurements of the I (n,p)Te c r o s s 

s e c t i o n , although i n c l o s e agreement with each other, 

were n e a r l y two orders of magnitude smaller than the 

then only reported v a l u e . There was, then, some douht 

as to whether complete exchange hetween c a r r i e r and 

a c t i v e t e l l u r i u m had heen e f f e c t e d . 

To v e r i f y t h i s , mixtures of potassium iodate with 

i r o n were i r r a d i a t e d and the telluri;am c a r r i e r was added 

to the a c t i v e lodate s o l u t i o n i n the Te(vi) s t a t e . 

T e l l u r i u m s o l i d sources v/ere prepared "by the f o l l o w i n g 

procedure. 

Step 1, The s o l u t i o n was made 3N i n H d and SOg 

was passed, through i t , reducing lOg" to I ~ . 

Step 2. on warming, the iodide i n a c i d s o l u t i o n 

reduced T e ( V l ) to T e ( i v ) . 

Step 5. I n the presence of SOg, the T e ( l V ) was 
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f u r t h e r reduced to elemental t e l l u r i u m . 
Step 4. The Te ppt. was coagulated by b o i l i n g 
and centrifuged. I t was p u r i f i e d , as described 

i n Step 7, above, and mounted f o r counting, 

1 ? 7 1P7 

The values obtained f o r the I (n,p)Te c r o s s 

s e c t i o n by t h i s procedure were i n c l o s e accord with 

those obtained from the iodide, i r r a d i a t i o n s . Then any 

p o s s i b i ' l i t y of incomplete exchange between the a c t i v e 

and c a r r i e r s pecies of t e l l u r i i u n was most u n l i k e l y . 

A second experiment, confirming t h i s conclusion, 

was performed. 

Some i r r a d i a t e d iodide was d i s s o l v e d i n IN NaOH and 

2 mis. of Te(iv) c a r r i e r were added. The s o l u t i o n wag 

then d i v i d e d i n t o two equal p a r t s . prom the f i r s t p a r t 

a Te s o l i d source was prepared, employing the procedure 
a l r e a d y described. The chemical y i e l d of the procedure. 
was determined. The second p a r t of the a c t i v e s o l u t i o n 

was counted d i r e c t l y i n the standardised l i q u i d counter. 
127 ^ 

The Te / ( ^ ^ - p a r t i c l e s are very i n e f f i c i e n t l y 

counted i n the l i q u i d counter and i t was d i f f i c u l t to 

determine i t s absolute decay r a t e i n the presence of a 
126 

high background of 13 day I . T h i s was done, however, 

and i t was c l o s e l y comparable with t h a t obtained from 

the Te s o l i d source. 
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T h i s experiment f u r n i s h e d c o n c l u s i v e proof that the 
127 

exchange "between Te and c a r r i e r t e l l u r i u m was 

complete i n the chemical procedures descrihed. 
procedure f o r i s o l a t i n g antimony a c t i v i t i e s . 

Attempts to i s o l a t e a 21 min. a c t i v i t y , a t t r i h u t a h l e 

to Sloi^^^^, were unsuccessdPul. An antimony s o l i d source 

was prepared from i r r a d i a t e d iodide as fo l l o w s . 

Step 1. I r r a d i a t e d ammonium iodide was d i s s o l v e d 

i n 211 HCl and 2 mis. of S'b(v) c a r r i e r s o l u t i o n 

( c a . 10 mg./ml.) were added. Th© S'b(v) was reduced to 

S " b ( l l l ) hy the io d i d e , iodine "being li"berated. 

Step 2> The "bulk of the iodide was oxidised to 

f r e e iodine "by the add i t i o n of a saturated s o l u t i o n 

of sodium n i t r i t e . The iod i n e was extracted i n t o car"bon 

t e t r a c h l o r i d e and discarded. 

Step 5.. The aqueous phase was made 3N with resp e c t 

to HCl and a l i t t l e Te(iv) c a r r i e r was added. 

Step 4. Elemental t e l l u r i u m was p r e c i p i t a t e d "by 

red u c t i o n with sulphur dioxide and the p r e c i p i t a t e 

was d i s c a r d e d . 

Step 5. A f t e r removal of excess SOg hy h o i l i n g , 

HgS was passed i n t o the s o l u t i o n , p r e c i p i t a t i n g 

SbgSg. 
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Step 6, The antimony f r a c t i o n could be f u r t h e r 
p u r i f i e d by preparing and mounting antimony 

p y r o g a l l a t e , but t h i s proved unnecessary. The SbgSg 

ppt, was, d i s s o l v e d i n cone. HCl and r e p r e c i p i t a t e d from 

3N HCl by pas s i n g more HgS. 

Step 7. T h i s procedure took about twenty-five 

minutes. The SbgSg ppt, was. mounted and counted 

under the end window counter, but i t proved to be 

t o t a l l y i n a c t i v e . 

I n another experifiient, samples of ammonium iodide 

were i r r a d i a t e d f o r two minutes and the r e s u l t a n t 

a c t i v i t i e s were counted without chemical separation, both 

i n the l i q u i d coimter and Tinder the end window counter. 

There was no s i g n of any a c t i v i t y that could be assigned 

to 1.3 min. Sb-"-^^ 

The c o n t r i b u t i o n of thermal and opithermal neutrons to 

the l^''i'f{n, t ) i i a B c r o s s s e c t i o n . 

I t was r e a l i s e d , before measuring any (n. If) c r o s s -

s e c t i o n s f o r 14 MeV neutrons, that the contribution to 

these from lower energy neutrons might be considerable. 
127 V 128 Then, when v a l u e s f o r the I (n, 3 ) l c r o s s 

s e c t i o n had been obtained from s e v e r a l i r r a d i a t i o n s , 

i t was no t i c e d that the v a r i a n c e of these values was 

much g r e a t e r than the v a r i a n c e of the values obtained 
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127 126 

f o r the I ( n , 2 n ) l c r o s s s e c t i o n , measured at the 

same time. As there was no p o s s i " b i l i t y of there "being 

any random e r r o r introduced i n t o the r e l a t i v e v a l u e s 

of these two c r o s s s e c t i o n s , the l a r g e r v a r i a n c e o f the 

(n, ^ ) c r o s s s e c t i o n v a l u e s could only "be due to 

v a r i a t i o n s i n the f l u x of lower energy neutrons, i . e . 

neutrons with energies lower than the threshold energy 

of the (n,2n) r e a c t i o n (9.4 Mev). 

These thermal and epithermal neutrons a r i s e from, 

the s c a t t e r i n g of 14 Me"V neutrons from the f l o o r and 
2 3 

w a l l s of the ta r g e t cham"ber and from the H (d,n)He 

r e a c t i o n . The l a t t e r r e a c t i o n i s a source of 2.5 Me"V 

neutrons and "becomes more favoured, the older the t a r g e t , 

as deuteriimi from the deuteron "beam "builds up i n the 

t r i t i a t e d t i t a n i u m l a y e r (See p i g . 6 ) . 

Both these sources of lower energy neutrons were 

s t u d i e d and t h e i r contri"butions to the measured v a l u e s 
127 y 128 of the I (n, / ) I c r o s s s e c t i o n were estimated. 

Suita"ble c o r r e c t i o n s were made to the cross s e c t i o n s . 

The contri"bution of the s c a t t e r e d , degraded neutrons 

to the ( n . If) c r o s s sec^tion was estimated "by i r r a d i a t i n g 

two mixtures of ammonium iodide and i r o n , one c l o s e up; 

to the ta r g e t and one at a d i s t a n c e of 8 cms. from i t . 

The f l u x of s c a t t e r e d neutrons could "be taken as "being 
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the same i n both p o s i t i o n s , but the 14 MeV neutron f l u x 

decreased, according to the i n v e r s e square law. A f t e r 

the i r r a d i a t i o n , the amounts of I^^^ and Mn^^ induced i n 

both mixtures were measured. The r a t i o of the s p e c i f i c 
56 

a c t i v i t i e s of Mn induced i n the near and removed 
mixtures was found to be four times greater than the 

128 

corresponding r a t i o of I . As the decrease, i n the 

s p e c i f i c a c t i v i t y of the Mn with d i s t a n c e was i n d i c a ­

t i v e of the decrease i n the 14 MeV neutron f l u x , three-
128 

q u a r t e r s of the I a c t i v i t y i n the lower mixture must 

have been induced by thermal and epithermal neutrons 

w i t h energies l e s s than the t h r e s h o l d energy of the 

Fe (n,p)Mn r e a c t i o n . But, assuming that the f l u x 

of degraded neutrons was the same i n both p o s i t i o n s , 
127 y 128 

i t s c o n t r i b u t i o n to the I (n, o )l r e a c t i o n i n the 

mixture c l o s e up to the t a r g e t "was only three per cent 

of t h a t of the much higher f l u x of 14 MeV neutrons, 
2 3 

The c o n t r i b u t i o n of neutrons from the H (d,n)He 
127 y 128 

r e a c t i o n to th© I (n, il ) l c r o s s s e c t i o n waa more 

important. The proportion of the t o t a l neutron f l u x , 

of these 2.5 MeV neutrons, i n c r e a s e s - w i t h the age of 

the t r i t i u m t a r g e t . Deuteriiun from the deuteron beam 

i s absorbed i n t o the titanium or zirconium f i l m and 

accumulates during an i r r a d i a t i o n . At the same time. 



- 80 -

the f l u x of 14 EeV neutrons i s f a l l i n g as the t r i t i u m 
i s eachausted. 

To measure the contri"bution of D^D neutrons, 

t y p i c a l samples of ammonium iodide were i r r a d i a t e d 

with neutrons produced "by the •bom"bardment of ""blank", 

or t r i t i u m - f r e e , t a r g e t "backings. p l o t t i n g the 
1 2 8 

s p e c i f i c a c t i v i t y of I , induced i n these iodide 

samples, against the microampere-hours of "bombardment 

( P i g . 6) the f l u x of Qj-D neutrons i s seen to r i s e to 

a s a t u r a t i o n l e v e l a f t e r 500^amp. h r s , 

R^ULTS AM) DISCUSSION. 

Values obtained f o r the I^^'^(n, ^ )l^^®, l ^ ^ ( n , 2 n ) l ^ ^ ^ 
127 127 and I (n,p)Te c r o s s s e c t i o n s a r e presented i n 

T a b l e s 11, 12 and 13 r e s p e c t i v e l y . 

The mean v a l u e obtained f o r the (n, ^ ) c r o s s 

s e c t i o n , 6,5 mbs. + 0.8, i s somewhat l a r g e r than the only 
38 

other reported value, 2.5 mbs. + 0,5, but, i n g e n e r a l , 

(n, ^ ) c r o s s - s e c t i o n v a l u e s do not compare so w e l l . 

T h i s i s probably due to the added u n c e r t a i n t y i n 

monitoring the neutron f l u x , although both these values 

havie been c o r r e c t e d f o r the e f f e c t of lower energy 

neutrons. 

The present value f o r the (n,2n) c r o s s s e c t i o n 



- 81 -

(1600 mbs. £ 100) i s i n agreement with Paul and 
C l a r k e ' s value of 1120 mbs. + 400."^ 

Pa u l and Clarke reported a value of 231 mbs. ^ 
39 

140 and Coleman et a l a value of 11,7 mbs. £ 1.7 

f o r the (n,p) c r o s s s e c t i o n , NO l i g h t i s thrown 

on the wide d i s p a r i t y of these r e s u l t s by the present 

work, i n i±.ich a value of 3,17 mbs. + 027 has been 

obtained, Paul and C l a r k e ' s value i s almost two orders 

of magnitude l a r g e r than t h i s and i t i s f e l t that i t i s 

simply wrong, " I n r e p o r t i n g a value of 11,7 mbs., 

Coleman et. a l have not i n d i c a t e d whether t h i s i n c l u d e s 

the c r o s s s e c t i o n f o r the formation of 115 day Te^^"^^, 

I f i t does, t h i s would e x p l a i n the d i f f e r e n c e between 
i t and the present v a l u e , which i s a lower l i m i t , s i n c e 

127 
only the Te ground s t a t e was observed. 

P a u l and C l a r k e ^ reported the r e a c t i o n , l ^ ^ ( n , or)Sb-^^^2, 

o c c u r r i n g with a c r o s s s e c t i o n of 18,4 mbs. Sb^^^2 

has a h a l f - l i f e of 21 mins and decays by the emission 

of a h i g h l y converted X-ray and, perhaps, a 

But they did not make any chemical separations and have 
128 

probably mistaken the 25 min. i a c t i v i t y , which they 

d i d not report, f o r 21 rain. Sb^^^^. 

As described, no s i g n of e i t h e r 21 min. s b ^ ^ ^ S or 
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1.3 min. sb-'-^^l was detected from an I-'-^'^(n, o() 
r e a c t i o n . Besides c o n t r a d i c t i n g Paul and C l a r k e ' s 
r e s u l t s , t h i s d e f i f i c i e n c y throws some doubt on to the 
e x i s t e n c e of these metastable s t a t e s of Sb̂ *"̂ ^ or, at 
l e a s t , t h e i r reported / ^ - p a r t i c l e s . 
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d) IRRADIATION OF BISMUTH 

Homogeneous mixtures of i r o n and b a s i c bismuth 

carbonate ( l a t e r m e t a l l i c bismuth) were i r r a d i a t e d . 

The r e a c t i o n s observed i n the bismuth were:-

Bi^°^(n, K) Bi^^° ( t i = 5 days) 
2 

Bi^°^(n,p) Pb^'^^ ( t i . = 3.17 h r s . + 0.04) 
2 "" 

Bi^°^(n, o() Tl^°® ( t i = 3.18 mins. ± 0.02) 

The r e s u l t a n t / ^ - a c t i v i t i e s of the Bi^"''^, Pb^°^ and 

T l ^ ^ ^ were e a s i l y r e s o l v e d g r a p h i c a l l y , but, i n order 

to assay the a b s o l u t e /^-decay r a t e s accurately, i t was 

p r e f e r r e d to separate the product n u c l i d e s and count 

them by the standardised techniques. 
210 

The decay of the B i was t r a c e d i n the l i q u i d 

counter, independently c a l i b r a t e d f o r that nuclide 

which has the /^^-spectrrun shape of a "forbidden" t r a n s i ­

t i o n . 

The l e a d and t h a l l i u m f r a c t i o n s were chemically 

separated, mounted on g l a s s f i b r e f i l t e r d i s c s and 

counted under the end window counter. 

A l l three a c t i v i t i e s were t r a c e d f o r 'several h a l f -
POQ 

l i w e s . The measured h a l f - l i v e s of the pb and 

Tl^°^, with standard d e v i a t i o n s , are reported above. 
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210 The y i e l d of B i was not great enough to claim more 
than t h a t i t s decay was c o n s i s t e n t with a 5 day h a l f -
l i f e , 

EXPERIMENT DETAILS. 

p r e p a r a t i o n and s t a n d a r d i s a t i o n of c a r r i e r s o l u t i o n s . 

S u i t a b l e c a r r i e r s o l u t i o n s , containing about 

15 mg./ml. of the r e s p e c t i v e elements, were prepared 

by d i s s o l v i n g t h a l l o u s and l e a d carbonates i n 2N HNOg. 

Both s o l u t i o n s were standardised g r a v i m e t r i c a l l y , 

weighing the t h a l l i u m a s chromate and the lead as 

sulphate. 

I s o l a t i o n of T l ^ ^ ^ . 

A f t e r short i r r a d i a t i o n s (5-10 mins.), the i r o n 

was removed from the mixture and the bismuth carbonate 

( c a . 1 gm.) was d i s s o l v e d with warming i n the. minimum 

amount of cone. HNOg ( c a . 1 m l . ) . l ml. of the T l ( l ) 

c a r r i e r s o l u t i o n was added and the s o l u t i o n was f u r t h e r 

t r e a t e d . 

Step 1. The s o l u t i o n was d i l u t e d u n t i l i t was 

2N i n HNOg. 

Step 2. T l C l was p r e c i p i t a t e d by the addition of 

a few drops of cone. HCl and s c r a t c h i n g the tube 

with a g l a s s rod. 
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Step 5., The c r y s t a l l i n e TlCl ppt. was washed 
with 2n HNOg and then water and collected on a glass 

filDre f i l t e r disc. This source was then washed with 
alcohol and ether and dried i n a vacuum dessicator. 
(The source was weighed a f t e r counting). 

This process could "be completed i n seven minutes 
from the end of the i r r a d i a t i o n to the start of the 
f i r s t count. 

The ph^^^, formed during the short period of the 
i r r a d i a t i o n , which co-precipitated w i t h the thallous 

206 
chloride, was resolved graphically from the T l . 

i s o l a t i o n of Ph^^^. 
Longer i r r a d i a t i o n s , not less, than an hour, were 

necessary f o r the formation of appreciable q.uantities 

The "bismuth carlaonate was dissolved, as "before,, 
and 1 ml. of lead c a r r i e r solution was added. 

Step 1. The solution was dilut e d u n t i l i t was 2N 
with respect to HNOg.. 
Step 2. PIDSO^ was precipitated lay the addition 
of a few drops of 2N HgSÔ . 
Step 5. The phSO^ ppt. was washed with 2N HNO3 
then water. I t was collected on a glass f i h r e 
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f i l t e r disc and dried "by washing with alcohol and ether 
and placing i n a vacuum dessicator. 

Step 4. The chemical y i e l d of the precedure 
was determined "by weighing the lead as Pbso^. 

The accuracy of t h i s method was confirmed i n some cases 
hy dissolving the PhSO^ soiirce i n a 0.1 H solution of 
the Efg-EDTA complex, as descri^bed hy Schwarzenhach. 
The y i e l d of Mg"*"̂  ions li b e r a t e d was then determined 
"by t i t r a t i n g against KDTA at pH = 10. with Erio T as 
ind i c a t o r . 

210 
Measurement of Bi a c t i v i t y . 

The a c t i v i t y of Bi^^° from the Bi^°^(n, i')Bi^^° 
reaction was low, amounting to only a few c.p.m, ahove 
"background. This was due to the comhination of a low 
cross section, a low counting efficiency and a long half-
l i f e . 

I n order to get the maximum posslhle y i e l d , metallic 
iDismuth was i r r a d i a t e d instead of hisraath carbonate,, 
which i s much "bulkier. 

A f t e r i r r a d i a t i o n and the complete removal of the 
i r o n monitor, the "bismuth (ca. 2.5 gm.) was weighed 
and dissolved i n 6 mis. of cone. HNOg. The solution was. 
d i l u t e d to 12 mis. and a 10 ml. aliquoti part was counted 
i n the standardised l i q u i d counter. 



- 87 -

The /4-decay rate of the Bi^^°, a f t e r the disappear-
209 

ance of a l l the 3.2 hr. PlJ , was traced lay camera 
f o r f i f t e e n days. A continuous record of the "back-
gro-und throughout t h i s period was obtained by alternating 
the active solution with an i d e n t i c a l solution of 
inactive bismuth. 

The decay rate of the active bismuth solution was 
consistent with a h a l f - l i f e of 5 days. 
Determination of the bismuth content of the carbonate. 

The bismuth content of the basic bismuth carbonate 
was determined volumetrically, t i t r a t i n g against a 
standard EDTA solution using potassium iodide as indica­
t o r . The conditions f o r the t i t r a t i o n were investigated 

40 
by Cheng. 

The bismuth carbonate was dissolved i n n i t r i t e - f r e e 
n i t r i c acid. An aliquot part of t h i s solution was 
d i l u t e d , so as to contain not more than 1 mg./ml. of 
Bi*"'^, and i t s , pH.was adjusted to between 1.5 and 2.0 
with d i l u t e ammonia. Th© solution was d i r e c t l y t i t r a t e d 
w i t h a standard 0,01 M solution of EDTA af t e r addition 
of 1 ml. 0.5^ KI solution as indicator. Another 9 mis. 
of the KI indicator were added just before the end 
po i n t , which was from yellow to colourless;.. 
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The end point f o r t h i s t i t r a t i o n was very clear, 
and good, reproduci"ble t i t r e s were o"btained. But 
care had to "be taken not to add excess KI u n t i l j u s t 
"before the end point, as. the "bismuth iodide complex was 
not easily solu'ble i n EDTA. 

RESULTS MP DISCUSSION.. 
Values o"btained f o r the Bi^°^(n, o(')Tl̂ °®, 

Bi^°^(n,p)ph^°^ and Bi^°^(n, /)Bi^^° cross sections are 
presented i n Tables 14, 15 and 16 respectively. 

The value obtained i n the present work f o r the 
(n, o() cross section, 0,46 mb. f̂• 0.06, i s within the 
estimated error of Paul and Clarke's value of 1.2 mbs. 
+ l.O"*" and confirms the recent value reported by Coleman 

3Q 
et a l of 0.52 mb. + 0.08 « The value reported by 

34 
Pink and Poularikas, 1.1 mbs. + 0,3, seems too high, 
but they did not pay much attention to the ca l i b r a t i o n 
of t h e i r counters. 

The present value f o r the (n,p) cross section, 
0,97 mb. ̂  0.08, i s i n close accord with the recently 

39 
reported values of 1.33 mbs. + 0.26 and 0.83 mb. +• 
0.4.3* 

The present value, 0.67 mb. ̂  0.04, f o r the (n, / ) 
cross section i s less than h a l f the value reported by 
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38 Perkin et a l (1.45 mbs. 0.17). Neither values; 
have been corrected f o r the effect of lower energy 
neutrons, i n the present work, because i t was not 
possible to estimate t h i s e f f e c t . I n the absence of 
t h i s correction, a lower value f o r the (n, / ) cross 
section might simply indicate a smaller contribution 
from thermal and epithermal neutrons. Then the lower 
value i s more l i k e l y to be accurate. 
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e) IRRADIATION OF MAN&AMESE 

Homogeneous mixtures of manganese carbonate and 
aluminium granules were i r r a d i a t e d . 

The reaction observed i n the manganese was;::-

Mn^^(n, /)Mn^^ ( t ^ = 2.58 hrs.) 

The m^^ a c t i v i t y was traced to background. 
27 24 

The i r r a d i a t i o n was monitored by the Al (n, o()ifa. 
reaction, because of the p o s s i b i l i t y of Mn nucl e i , 
r e c o i l i n g from the Pe^^(n,p)En^^, lodging i n the manganese 
carbonate. The cross section of the l a t t e r reaction 
i s considerably larger than the Mn^^(n, i')Mn^^ cross 

E C 

section and the contribution of recoiled Mn nuclei to 
the t o t a l Mn^^ a c t i v i t y would not be negligible, 
^ .- A 3.5 min. a c t i v i t y was observed* This would be 
a combination of 3.76 min. V^^ and 3.52 min. Cr^^, but 
no method of chemically separating these a c t i v i t i e s i n 
the time available presented i t s e l f . 
EXPERIMENTAL DETAILS, 
Treatment of the mixture. 

The aluminium granules were separated from the 
mixture by a simple sieving process. The aluminium 
was treated as i n Section ( b ) . 



- 91 -

The manganese carbonate (ca, 1 gm.) was dissolved 
i n 10 mis. of 5N HCl wi t h the passage of sulphur dioxide 
to dissolve residual traces of manganese dioxide. The 
solu t i o n , was d i l u t e d to 12 mis, and 10 mis, were 
counted i n the l i g u i d coimter. 

Determination of the manganese content of the carbonate. 
The manganese content of the manganese carbonate 

was determined gravimetrically by a procedure recommended 
37 

by Vogel, The manganese was weighed as MiiNH^PO^, HgO. 

The contribution of lower energy neutrons to the Mn^^(n,^)Mn 
cross section. 

56 

A sample of manganese carbonate was irrad i a t e d f o r 
two hours close up to a "blank" target, i , e , a t r i t i u m -
free target, Th® bias on the proton-recoil neutron 

2 "5 
monitor was reduced and neutrons produced by the H (d,n)He 
reaction were recorded!. 

A f t e r the i r r a d i a t i o n , the manganese carbonate was 
dissolved and counted i n the l i q u i d coimter. The 
solut i o n was inactive. I t was concluded that the f l u x 
of D̂ D̂ neutrons during an i r r a d i a t i o n was, i n t h i s case, 
too small to i n t e r f e r e with the measurement of the (n, / ) 
cross section f o r 14 Mev neutrons. 
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RESULTS AND DISCUSSION. 
The results are presented i n Table 17. 
Th© value obtained i n the present v/ork f o r the 

Mn^^(n, If)M1i^^ cross section, 1.29 mbs. +• 0.23, i s i n 
rough agreement with the only other reported value of 

38 
0.76 mb. +• 0.08, allowing f o r the uncertainty i n 
(n, ) cross section measurements at t h i s energy. 
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f ) IRRADIATION OF BARIUM 

Homogeneous mixtures of ir o n and barium carbonate 
were i r r a d i a t e d . The cross sections of the following 
reactions were measured:-

Bs^^^{n, /)Ba-'-^^ ( t i = 84.0 mins. + 2) 
Ba"̂ ®̂(n,p)Cs-'-̂ ^ ( t i . = 33.1 mins. ^ 0,6) 

2 ~" 
139 138 The B*. and Cs a c t i v i t i e s were, i n every case, 

traced f o r several h a l f - l i v e s a f t e r separation. The 
measured h a l f - l i v e s are reported above. Counting 
s t a t i s t i c s were not good enough to make accurate 
measurements, 

EXPERIMENTAL DETAILS, 
separation of cesium and barium fractions. 

A f t e r removal of the i r o n , the barium carbonate 
(ca. 1 gm,) was dissolved i n the minimum amount of 3N 
HCl, containing a l i t t l e cesium c a r r i e r . This solution 
was neutralised by the addition of a saturated solution 
of NagCOg, re p r e c i p i t a t i n g the barium as BaCOg. The 
BaCOg was f i l t e r e d and washed with water. The f i l t r a t e 
and washings containing the cs a c t i v i t y were retained. 
The BaCOg was redissolved and the process was repeated. 
The two f i l t r a t e s were combined and made up to 25 mis. 
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A 10 ml, aliquot part of t h i s solution was counted 
i n the standardised l i q u i d counter. 

The BaCOg ppt. was redissolved and an aliquot 
part of t h i s solution was counted i n another standard­
ised l i q u i d counter. 

The whole procedure took about 25 mins. 
The separation of the cesium f r a c t i o n was quantita­

t i v e . The concentration of the bariimi solution was 
confirmed gravimetrically, weighing the barium as 
BaSO^, 

The contribution of lower energy neutrons to the 
Bal^ti(n, y )Bal«̂ ^ cross seation. 

No a c t i v i t y was induced i n a barium carbonate 
sample i r r a d i a t e d close up to a '^Dlank" target. Then 
the contribution to the measured cross section of DfD 
neutrons, from deuterium which accumulates on the target, 
could be neglected. 

The f l u x of scattered, degraded neutrons i n the 
target area was also neglected on the basis of the 

127 X 128 
experiments performed on the I (n, 0 ) i reaction 
(see section ( c ) ) . 
RESULTS AND DISCUSSION. 

A l l results are presented i n Tables 18 and 19. 
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Values of 1.70 mbs. +- 0.15 and 1.56 mbs. + 0.26 
have been obtained f o r the Ba (n, / )Ba and 

138 138 38 Ba (n,p)Cs cross sections. Perkin et a l have 
reported a value of 1.30 mbs. + 0.̂ 40 f o r the (n. If) 

cross section. This i s i n good agreement with the 
present value, p a r t i c u l a r l y i n view of the added uncer­
t a i n t y i n measuring (n, / ) cross sections. 

39 
The value,reported by Coleman et a l , f o r the 

(n,p) cross section (2.20 mbs. + 0.33) i s s l i g h t l y 
higher than the present value. I t i s possible that 
i n the present work the counting efficiency of the 

138 
l i q u i d counter f o r Cs has been over estimated, several 
d i f f e r e n t values of the cs^^^ ^ end point energy have 
been reported and the highest of these was used f o r 
i n t e r p o l a t i n g the l i q u i d counter efficiency from the 
c a l i b r a t i o n curve (Pig. 15), as i t appeared the most 
r e l i a b l e . The v a r i a t i o n of the l i q u i d counter efficiency 
with /^end point energy i s quite sharp and any error 
i n the l a t t e r i s reflected i n the interpolated value of 
the e f f i c i e n c y . Paul and Clarke^ report a value of 

41 
6.3 mbs. 2 and more recently G. Wille gives 2.5 + 
1.0 mb. 

The (n,p) cross section i s unexpectedly small f o r 
t h i s region of the periodic Table. This can probably be 
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at t r i b u t e d to some effect of the closed neutron s h e l l , 
N = 82. weight was l e n t t o t h i s theory by the 
public a t i o n of the cross-section measurements of 

39 
Coleman et a l . They also reported a value f o r the 
Ba (n,p)Cs cross section of 38.3 mbs 3.8, Here 
the Neutron Number i s two less than the closed s h e l l . 
The only other (n,p) cross section i n t h i s region 

138 138 
comparable to the low Ba (n,p)Cs cross section i s 

1*59 139 
the equally low La (n,p)Ba cross section (2,33 mbs. 
+ 0,35) where N i s again equal to 82. 



01 
OS 

O 

01 
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g) IRRADIATION OF GOLD 

Homogeneous mixtures of f i n e l y divided gold and 
i r o n granules were i r r a d i a t e d f o r periods of from one 
to two hours.. 

The reactions observed i n the gold were:-

Au^^'^(n,2n)Au^^^"^ ( t i . =: 9.5 hrs. + 0-:i) 
Au^^'^(n,2n)Au^^^ ( t j . = 5.6 days. + 0.1) 

2 ~ 
Aû '̂̂ (n,p)pt̂ ®'̂  ( t i = 19.7 hrs. + 0.4) 
Au^®'^(n,p)Pt^^'^ ( t i = 88 rains. + 2;) 

2; ~ 
Au^^'''(n,a^)lr^^'^ ( t ^ 3 P 19.4 hrs. + 0.6) 

The r e s u l t i n g species were chemicaily separated. 
Solid sources were prepared and counted under the end 
window counter. 

The decay rates of a l l a c t i v i t i e s were traced f o r 
several h a l f - l i v e s . The measured h a l f - l i v e s are reported 
atove with standard deviations. The greater accuracy i n 
the measurement of the Au"̂ ^̂  and Au^^^™ h a l f - l i v e s i s 
accounted f o r hy better coiinting s t a t i s t i c s . 

The value of 9.5 hrs. f o r the Au"''̂ "̂' h a l f - l i f e , 
previously reported as 13 hrs. and 14 hrs., has since 
been confirmed by the thorough investigation of Van 

42 
Lieshout et a l . , who report a h a l f - l i f e of 10.0 hrs. 

196 
^ 0.5. The decay curve of a AU source i s reproduced 
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i n Fig. 17. 
Similarly, the value of 19.7 hrs. f o r the pt 

h a l f - l i f e , which i s somewhat higher than those previously 
reported, has "been confirmed hy a recent value of 20.00 
hrs. + 0,12.^^ 

197m 
Previously reported values of the pt h a l f - l i f e 

are 78 mins, 88 mins. and 87 mins. on the "basis of 
t h i s work, the former i s quite c l e a r l y wrong. The 

197 
decay curve of a t y p i c a l pt source i s reproduced 
i n Pig. 18. 

1 Qfl 
Any sign of the 2.69 day a c t i v i t y of Au , 197 y 198 produced "by the Au (n, 0 )Aii reaction, was ohscured 

iDy the high a c t i v i t y of the 5.6 day Au"'-̂ .̂ 
The 9.5 hr. Au a c t i v i t y has "been assigned to a 

196 
metastahle state of Au . This i s the most l i k e l y 
p o s s i l D i l i t y , "but i t could not iDe confirmed either here 

42 
or "by Van Lieshout and his co-workers, who suggest 

197 
that a second metastahle state of Au may "be another 
possil D i l i t y . 

Attempts were made to confirm the assignment of the 
196 

9.5 hr. a c t i v i t y to a metastahle state of Au hy 
196 

separating c a r r i e r - f r e e Au nuclei hy a re c o i l method. 
EXPERIMENTAL DETAILS. 
Preparation of ca r r i e r solutions. 

A platinum c a r r i e r solution (ca. 10 mgs./ml.) was 
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prepared "by dissolving a weighed amount of platinum 
wire i n agua regia and an :',±iei.dium carrier (ca. 10 mgs./ 
ml.) "by dissolving ammonium chloro-iridate. Both 
these solutions were freed from n i t r a t e , by evaporating 
several times to near dryness with the addition of cone. 
HCl, before d i l u t i n g to volume. 

Separation of milligramme qiiantities of platinum and 
ir i d i u m . 

197 194 Both pt and I r , the (n,p) and (n, o() products 
of the i r r a d i a t i o n of gold, have h a l f - l i v e s of the order 
of 19 hrs. I n order to assay the a c t i v i t y of each, 
a good clean separation of platinum from iridium was. 
reguired. 

At the outset, two procedures were considered. 
Both employed ion-exchange techniques. 

44 
The f i r s t procedure, reported by Stevenson et a l , 

had been used to effect a clean separation of a mixture 
of a l l four of the platinum group metals. A solution 
of platinum group metal chlorides i s evaporated to near 
drjmess with HClO^. The resultant solution of perchlorates 
i s placed on a cation-exchange column (Dowex 50) and 
eluted with water. Irid i u m , rhodium and palladium 
are retained on the column to a greater or lesser degree 
and only platinum i s eluted. The other metals can be 
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stripped o f f the column i n turn by e l u t i n g with 
increasingly concentrated solutions of HCl. Iridium 
i s the most recalcitant and requires 61^ HCl to elute 
i t . 

I t followed that a very clean separation of platinum 
from i r i d i u m could be effected by t h i s method. One 
disadvantage was that the i r i d i u m was reported to 
come o f f the column only very slowly. 

The second procedure, reported by Busch et a l , * ^ 
employed an anion-exchange technique, s p e c i f i c a l l y 
designed f o r the separation of i r r i d i u m and platiniira 
f r a c t i o n s . A mixture of chloroplatinate and chloro-
i r i d a t e i s reduced v/ith KHgOH and placed on a Dowex 1 
anion-exchange column. The ir i d i u m f r a c t i o n i s eluted 
with 911 HCl at 80°C., but contains a l i t t l e platinum 
impurity (ca. ^ ) . The remainder of the platinxrai 
i s eluted with a 50% HCIO^ solution at the same tanpera-
ture and has a p u r i t y of greater than 99%. 

The former procedure had the advantages over the 
l a t t e r that i t was simpler and that the platinum f r a c t i o n 
was the f i r s t to come o f f the column. This was an 

197 
important consideration, because pt has a metastable . 
state w ith an 88 min. h a l f - l i f e , and the quick separation 
of the platinum f r a c t i o n f a c i l i t a t e d the study of t h i s 
a c t i v i t y . The slowness of the iridium f r a c t i o n to 
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elute was not a great disadvantage f o r , with a 19 hr. 
h a l f - l i f e , there was some time to spare. 

Also, the 3^ platinum impurity i n the iridiiun. 
f r a c t i o n raises a serious objection to the second method, 

1Q7 
because the Pt a c t i v i t y from i r r a d i a t e d gold i s several 

194 

times higher than the I r ̂  a c t i v i t y . 
Preliminary experiments on the cat ion-exchange method 

were successful, and i t was used i n a l l cases f o r the 
separation of platinum and iridiu m fractions. 
Tracer experiment to te s t the efficiency of the cation-
exchange method of separating platinum and iridium. 

Dowex 50 cation-exchange resin (cross l i n k i n g -
12 DVB, mesh - 50 to 100) was placed i n t o a column 
(length - 6 cms., diameter - 1.4 cms.) and freed from a l l 
traces of chloride by washing with d i s t i l l e d water. 

4 day pt"''^^ plus pt^^^™ and 74..5 day I r " ^ ^ ^ ' tracers 
were added to a mixture of 2 mis, each of the platinum 
and i r i d i u m c a r r i e r solutions". The mixture was 
treated as follows. 

Step 1. The solution was evaporated very care f u l l y 
to dryness. The residue was taken up i n 2 mis, 

of 70^ HClO^ and warmed u n t i l the HCIO4 began to fume 
copiously. ( I t had been founds previously t h a t , i f the 
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solution was evaporated beyond t h i s stage, t u r b i d i t y 
and p r e c i p i t a t i o n of the pt ensued). At t h i s stage 
the red-brown colouration of the chloroiridate was 
replaced by the mauve colour of the ir i d i u m perchlorate 
complex.. 

Step 2. The mauve solution was di l u t e d to 20 mis. 
and placed on the column. The Pt f r a c t i o n , which 

was a deep yellow, appeared t o come straight o f f the 
column and was eluted at a rate of 0.5 ml./min. The 
mauve iri d i u m f r a c t i o n was very t i g h t l y adsorbed on the 
f i r s t centimetre of the column, forming a sharply defined 
mauve band. 

Step 5.. The column was eluted with d i s t i l l e d 
water and the f i r s t ten column volumes (40 mis.) of 

e l u t r i a n t , containing the platinum f r a c t i o n , were 
collected. The column was washed with a further f i f t e e n 
column volumes of water, which were discarded. This 
treatment removed the l a s t traces of Pt, 

Step 4., The column was eluted with 6N HCl. 
About 20fo of the I r was stripped o f f i n the f i r s t 

column voliime or so of HCl, but the remainder stayed 
t i g h t l y bound to the resin and could not, at t h i s stage, 
be eluted. 
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Step 5. After remaining f o r about four hours 
under a head of 6N HCl, the mauve band had turned 

a deep blue colour. I n t h i s state, the I r was much 
more rea d i l y eluted, although i t seemed that there was 
always a l i t t l e that could not be stripped.under any 
circumstances. 

( I t was d i f f i c u l t to understand what the chemical 
changes, involved i n t h i s process, were, Th© blue I r 
complex may be the higher valence I r ( v i ) chloro-complex 
or a chloro-perchlorate intermediate complex. The 
change from mauve to blue can be accelerated by warming. 
On b o i l i n g the blue solution, i t rapidly assumes the 
f a m i l i a r red-brown ch l o r o i r i d a t e colour). 

Step 6, The Pt f r a c t i o n from Step 3 was evaporated 
down to h a l f i t s volume, i. e . 20 mis., and made SR" 

i n HCl. The I r f r a c t i o n , which was contained i n about 
40 mis. of 6N HCl, was evaporated down to about a t h i r d 
of t h i s volume and then made 3N i n HCl. Elemental 
pt and I r were precipitated from these solutions by 
reduction with Grignard magnesium. 

Step 7. The Pt and I r ppts. were collected on 
glass f i b r e f i l t e r discs, washed with water, dried 

at 110°C., weighed and mounted f o r counting. 

The decay rates of the two sources were traced f o r 
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several weeks u n t i l a l l the 4 day Pt a c t i v i t y had 
decayed. Inspection of the decay curves indicated a 

192 
s l i g h t contamination of the Pt source by i r , but the 
I r source was free from any contamination from the 
Ptl93"^-Ptl95"^ tracer. 

Prom the results of t h i s experiment i t Was clear 
t h a t r -
( i ) v i r t u a l l y lOC^ of the Pt was collected i n the Pt 

f r a c t i o n . The l a s t traces of pt were washed o f f 
the column by the passage of copious volumes of 
d i s t i l l e d water. 

( i i ) ca. 3% of the i r was collected i n the pt f r a c t i o n . 
This was doubtless due to f a i l u r e to remove 
l a s t traces of Cl" from the solution of perchlorate 
complexes, but, as mentioned e a r l i e r , a l i m i t a t i o n 
was imposed: here by the tendency of the pt to come 
out of .Solution at t h i s stage. 

( i i i ) ca. 50% of the I r was stripped o f f the colimin by 
eluting with 6R HCL Although about a t h i r d of 
t h i s was collected almost immediately, i t was a 
slow process to s t r i p the remainder from the resin, 
taking about four hours at room temperature. The 
I r f r a c t i o n was uncontaminated by the pt"^^®™-Pt^^^ 
tracer. 
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( i v ) The remainder of the I r stayed t i g h t l y bound to 
the resin and could not be removed at t h i s stage. 

The contamination of the pt source by ^ of the i r 
a c t i v i t y was the only objection to t h i s procedure. 
Porunately, t h i s was not a serious objection i n practice, 

197 
because the Pt a c t i v i t y induced i n gold by 14 MeV 

194 
neutrons was about f i v e times higher than the I r 

194 
activity. Then the contribution of I r a c t i v i t y to the 
t o t a l a c t i v i t y of a Pt source, prepared from i r r a d i a t e d 
gold, was less; than 1%. On the other hand, the 

197 
preparation of an I r source, imcontaminated by pt , 
was a great advantage of t h i s procedure. 
Treatment of i r r a d i a t e d gold. 

A f t e r removal of the i r o n monitor, the gold (ca. 1 
gm.) was weighed and dissolved i n about 20 mis. of aqua 
regia. 2 mis. each of Pt and I r c a r r i e r were added, 
the solution was evaporated down to about 10 mis. and 
then d i l u t e d to 20 mis. with water. The Pt plus I r 
f r a c t i o n was separated from the gold by solvent extraction. 

Step 1. The solution was, placed i n a 100 ml. 
separating funnel smd shaken with an eq.ual volume 

of ethyl acetate. Au was extracted leaving pt and I r 
i n the aqueous phase. 
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Step 2. This extraction process was performed 
f i v e times with the addition of a l i t t l e An carrier 

(ca. 10 mgs.) f o r the f o u r t h extraction. Both phases 
were retained, 
* Step 3. The aqueous phase contained the Pt and 

I r f r a c t i o n s , Tfeese were separated by means of the 
ion-exchange procedure already described. 

Step 4» The ethyl acetate phase, containing the 
gold, was evaporated to near dryness and the gold 

was taken up i n 2N HCl. 
Step 5. The Au was pr e c i p i t a t e d by reduction with 
SOg and -washed with water. 
Step 6. A Au source was prepared by drying a 
sl u r r y of the activated Au i n an alimiinium counting 

tray. 

A platinum source could be prepared, and counted 
w i t h i n two hours of the end of ..the i r r a d i a t i o n , No 
iiSdiimi source was counted le s s than eight hours a f t e r 
the end of the i r r a d i a t i o n . 

Attempt to assign the 9,5 hr, a c t i v i t y unequivocally 
to a! metastable state of Au^96. 

The X-ray spectinim of S'eshly irradiated gold, freed 
from platinum and i r i d i u m a c t i v i t i e s , was examined using 
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a / - s c i n t i l l a t i o n spectrometer. The pulse height 
spectmim was plot t e d before and a f t e r the disappearance 
of the 9,5 hr, a c t i v i t y and the K X-ray peak s h i f t was 

196 
measured. The 5-,6 day Au decays by electron capture 
v/ith the emission of platinum X-rays, and the measured 
peak s h i f t was consistent with the emission by the 9.5 hr, 
a c t i v i t y of gold x-rays, in d i c a t i n g that i t decayed by 
isomeric t r a n s i t i o n to a gold ground state. 

The decay of a metastable state by l.T. might 
be expected to leave the ground state i n a d i f f e r e n t 
chemical form, which, i f exchange did not occur, could 

196 
be separated. Then, i f the 5.,,6 day Au could be 
chemically separated from the 9,5 hr, gold a c t i v i t y , 
the l a t t e r could be unequivocally assigned to a metastable 
state of Au-"-̂ .̂ 

An examination of the l i t e r a t u r e revealed two 
198 

references to the i s o l a t i o n of c a r r i e i ^ f r e e Au from 
i r r a d i a t e d gold by the Szilard-Chalmers process. 

Both methods were designed to ensure that isotopic 
198 

exchange between free m nuclei, r e c o i l i n g from 
neutron capture reactions, and inactive gold could not 
occur. 

46 
I n the f i r s t method, reported by Majer, t h i s condi-
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t i o n i s achieved by i r r a d i a t i n g the gold as the aurate 
198 

ion i n alkaline solution, Free Au nuclei do not 
exchange with gold i n the strongly complexed aurate and 
are collected on c o l l o i d a l gold previously introduced 
i n t o the solution. Tjnder these conditions the c o l l o i d a l 

198 
gold gradually coagulates carrying the Au with a 
much higher specific a c t i v i t y than i n the aurate. 

Attempts to apply t h i s method to the separation 
196 

of Au from i t s 9.5 hr, proposed isomer were unsuccessful, 
c o l l o i d a l gold was introduced i n t o a strongly alkaline 
solution of gold chloride prepared from freshly i r r a d i a t e d 
gold. The c o l l o i d a l gold gradually coagulated and, 
a f t e r about ten hours, i t was separated, washed and 
mounted f o r counting. I t was found that only a small 
f r a c t i o n of the t o t a l a c t i l i r i t y had been carried and t h i s 
included 9,5 hr, as well as 5,6 day gold. Also, the 
r a t i o of the a c t i v i t i e s i n the source did not d i f f e r 
s i g n i f i c a n t l y from t h e i r r a t i o i n a source prepared 
from the aurate solution. 

I n the other method of i s o l a t i n g c a r r i e r - f r e e 198 47 Au , used by Herr, the gold i s i r r a d i a t e d i n the 
form of an organic gold complex. The structure of the 
compound i s not known, but i t s chemical formula i s given 
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as (CgH5,C0.C(H):C(0H).CgHg)gSi AuCl^. I t i s 
very easily prepared by mixing the stoichiometric 
quantities of dibenzoylmethane, anhydrous gold chloride 
and s i l i c o n tetrachloride i n chloroform. The compound 
r e c r y s t a l l i s e s from a c e t o n i t r i l e as beautiful yellow 
crysta l s . The i r r a d i a t e d crystals are dissolved i n 

198 
ben25onitrile and f r e e Au n u c l e i , e j e c t e d from the 
complex molecules by ( n , ^ ) reactions, are extracted 
i n t o a d i l u t e cyanide solution. 

I n preliminary Kcperiments performed on this 

method, Herr's results could not be reproduced. Samples 
of the c r y s t a l s were i r r a d i a t e d with thermal neutrons, 

198 
but only about 15% of the induced Au a c t i v i t y could 
be extracted i n t o the cyanide solution compared to the 
95% claiiped by Herr. 

Nevertheless, the method was applied to the 
196 

problem of separating Au from the proposed isomeric 
t r a n s i t i o n . Anhydrous gold chloride was prepared 
from i r r a d i a t e d gold by warming hydrogen gold chloride 
(obtained by evaporating a solution of the gold i n HCl) 
at 220°c i n a stream of chlorine. The organic compound 
was prepared, as described, and the cyanide extraction 
performed af t e r leaving the crystals f o r a few hours to 
allow some of the 9,5 hr. a c t i v i t y to decay. The 
extracted a c t i v i t y was co-precipitated with bismuth 
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sulphide and a source was prepared. Again, the 
carried a c t i v i t y included the 9*5 hr, as well as the 5.6 
day gold, and i t was just a small f r a c t i o n of the 
t o t a l a c t i v i t y i n the gold organic compound. 

I t i s apparent that the high s t a b i l i t y claimed by 
Herr f o r the compound i s not j u s t i f i e d , as the a c t i v i t y 
that was extracted could not be a t t r i b u t e d to a 
Szilard-Chalmers process. Also, i t was l a t e r noticed 
that the yellow crystals turned black on standing i n 
strong sunlight - not an indication of high s t a b i l i t y . 

The negative results of these experiments are 
not evidence of the mis-assignment of the 9,5 hr, 
a c t i v i t y to Au"'"̂ ™̂, but rather of the u n s u i t a b i l i t y 
of the methods used, A more r e l i a b l e method might 
well f u r n i s h positive r e s u l t s . 

RESULTS AHD DISCUSSION. 
The results; are presented i n Tables 20, 21 and 

22* 
The present values of 2.60 mbs. + 0.27 and 0.50 mb. 

+. 0.08 f o r the Au-'-̂ n̂,p)pt-'-̂ '̂  and the Au^^'^(n, o<)lr^^* 
cross sections closely agree with the recently reported 

39 
values of Coleman et a l of 2,42 mbs. + 0.24 and 0.43 
+ 0.09 f o r the respective reactions. An e a r l i e r value 
of 20.5 mbs. + 8 f o r the (n,p) cross section, reported 
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"by Peck, i s not consistent with the low ci?oss sections 
f o r charged p a r t i c l e emission i n t h i s region of the 
Periodic Tahle. peck investigated the proton spectrum 
r e s u l t i n g f rom the reaction "by a nuclear emulsion 
technique and "based h i s cross-section measurement on 
the proton y i e l d . Some error i n estimating the 
neutron f l u x or the t o t a l proton y i e l d must have arisen. 

Values of the cross sections f o r the independent 
197 

production of the two nuclear isomers of Pt (Tahle 
22) have not heen previously reported. These values 
are i n t e r e s t i n g i n comparison to the corresponding 
values f o r the production of pt-"-̂ *̂  hy the Hg^°°(n, ô )Pt-'-̂ '̂  
reaction {Table 27). The r a t i o of the yields of the 

197 
ground and metastahle states of Pt appears to he 
s l i g h t l y higher i n the l a t t e r reaction, 1.38 + 0.12 

197 197' 
compared to 1.11 + 0.14 i n the Au (n,p)pt reaction. 

There i s s t i l l no d e f i n i t e evidence f o r the assign­
ment of the 9.5 hr. a c t i v i t y to a metastahle state of 196 197 AU . A second metastahle state of Au i s another 
p o s s i h i l i t y . 
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h) IRRADIATIOIT OF MERCURg. 

Homogeneous mixtures of mercuric oxide and i r o n 
granules were i r r a d i a t e d . 

Of the reactions induced i n the mercury, those 
studied were:-

Hg^°°(n,p)Au^°° ( t ^ = 48 mins.) 
ffg^°^(n,p)Au^°^- ( t i . = 26 mins.) 
Hĝ °°(n,̂ 7<)pt̂ '̂̂  ( t i . = 19.7 hrs.) 
Hĝ °°(n,'ĉ )Pt̂ '̂̂ °̂  ( t i = 88 mins.) 
H/°^(n, CX)Pt^^^ ( t i . . = 31 mins.. ) 

The resultant species were chemically separated. 
Solid sources were prepared and counted under the end 
window counter. 

Natural mercury contains seven stahle isotopes 
and, even aft e r chemical separations have heen performed, 
the decay schemes of the d i f f e r e n t fractions remain 
quite complex. Also, the a c t i v i t i e s , induced hy these 
reactions, were low making them even more d i f f i c u l t 
t o resolve. 

None of the h a l f - l i v e s , guoted ahove, w m measured 
i n t h i s work. The 48 mins. of Au^^^ and 26 mins. of 

201 
Au had to "be assumed hefore the two a c t i v i t i e s could 
he resolved. Similarly i t was necessary to assume the 
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199 l i t e r a t u r e value of 31 mins. f o r Pt and 88 mins. 
(measured i n i r r a d i a t i o n of gold) f o r pt"̂ '̂'''" •before, 
these a c t i v i t i e s could "be resolved. The h a l f - l i f e of 
197 

pt , 19»7 hrs., was also taken as that measured i n 
the i r r a d i a t i o n of gold. The counting s t a t i s t i c s of 

197 
the pt a c t i v i t y induced i n mercury were not good 
enough to measure the h a l f - l i f e accurately. 

Any 5.1 min. Hg^^^ a c t i v i t y , that may have "bedn 
produced by the Hg^^^(n, l!)Eg^^^ reaction, was obscured 

199m 
by the much higher l e v e l of the 43.5 min. Hg a c t i v i t y 
formed by both the Hg^^^(n,n - f)ffg^^^ and Hg^°°(n,2n)Hg^^^^ 
reactions. 

AS values; were obtained f o r the (n,p) cross sections 
of both HgF° and Hĝ -̂"-, i t was thought that a value 

SOS 90S 
f o r the Hg (n,p)Au'^ reaction cross section would 
be u s e f u l , i n that i t would give an indication of any 
trend that might occur with increasing Neutron Number. 
Attempts were made to measure t h i s cross section, but 
l i t t l e more was achieved than a confirmation of the ha l f -

SOS 
l i f e of Au as about 25 sees. EXPERIMMTAL DETAILS. 
Preparation aC gold and platinum c a r r i e r solutions. 

Weighed amounts of gold f o i l and platinum wire were 
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dissolved i n aqua regia. The solutions were d i l u t e d 
to a standard volimie so as to contain ahout 10 mgs./ml. 
of gold and platinum respectively. 

I s o l a t i o n of gold f r a c t i o n . 
The mercuric oxide (ca. 1.5 gms.) was dissolved 

i n 10 mis. cone. HCl with the minimum amount of cone. 
HNOg to ensure speedy dissolution, 2 mis. of the 
standard gold c a r r i e r solution and a l i t t l e platinum 
c a r r i e r were added. 

Step 1. The solution was d i l u t e d t i l l i t was 6N 
with respect to HCl and shaken i n a separating 

funnel with an egual volume of ethyl acetate. Under 
these conditions only the gold i s extracted i n t o the 
organic phase. • The aq.ueous phase was discarded. 

Step 2. The organic phase was washed three times 
with equal volumes of 6N HCl. 
Step 3. The organic layer was evaporated to 
drjmess' and the HAuCl^ was taken up i n 2N Hd. 
Step 4. The gold was precipitated hy reduction 
with SOg and coagulated "by b o i l i n g . The 

precipitated gold was washed with water and collected 
on a glass f i b r e f i l t e r disc f o r counting under the end 
window counter. The source was dried at 110°c and weighed. 
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This,procedure could be completed i n twenty-five 
minutes. 

The gold source comprised two fractions, 26 min. 
Au^°"^ and 48 min. Au^^°. The decay of t h i s composite 
source was traced very closely r i g h t down to background 
and the decay curve was resolved, assuming the above 
values f o r the h a l f - l i v e s , by making use of the 

48 
expression 

AO ' ^ i t A o A o^-'^'^t Ae 1 = -A-i + ® 

where, A was the t o t a l a c t i v i t y of the source at time, t . 
A^° was the a c t i v i t y of 48 min. Au^°^ at time, t = 0. 

,201 A2° was the a c t i v i t y of 26 mins. Aû -̂"- at time,t = 0 
.; • decay constant of Au^^^ 

and ^ A = Ag- A, where Ag decay constant of 
Au200. 

Then p l o t t i n g Ae against e~^^*, Ag^ was given 
by the slope of the curve and A-̂ ^ "by i t s intercept. 

202 202 
Attempt to measure the Hg (n,p)Au cross section. 202 49 Au i s reported as a Class E Isotope (Element 
probable and mass number not established) with a h a l f -
l i f e of about 25 sees. I r r a d i a t i o n of metallic mercury, 
which was counted i n a l i q u i d counter, certa i n l y 
produced a 25 sec. a c t i v i t y . I t had already been shown 
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50 by Mrs. E.B.M. Martin that a 25 sec. a c t i v i t y was 
produced by the i r r a d i a t i o n of thallium and there can 

202 
be l i t t l e doubt that t h i s a c t i v i t y was indeed Au , 
induced i n thallium by the Tl^°^(n, O()AU^°^ reaction 

202 202 
and i n mercury by the Kg (n,p)Au reaction. There 
was no i n d i c a t i o n i n the l i t e r a t u r e as to the decay 
scheme or / ^ - p a r t i c l e energies of Au^^^ and a l l that 
could be ascertained from absorption measurements per^ 
formed by Mrs. Martin was that the /5*s were exceptionally 
hard. 

I n the absence of information as to the energy of 
the A u ^ ^ ^ / ^ - p a r t i c l e s , i t was not possible to 
determine the absolute di s i n t e g r a t i o n rate of the a c t i v i t y 
i n the standardised liq.uid counter, because the 
e f f i c i e n c y of the l i q u i d counter varies l i n e a r l y with 
^-energy. There was more hope counting the ir r a d i a t e d 
mercury under an end window counter, calibrated f o r 
t h i c k sources. 

P i l o t i r r a d i a t i o n s were performed. Sealed capsules 
of m e t a l l i c mercury and mercuric iodide were i r r a d i a t e d 
f o r 1 minute periods and transferred automatically from 
the target chamber to the counting room by means of 
the vacuum tube. ( I r r a d i a t i o n of mercuric oxide was 
precluded i n t h i s case by the production, with a high 
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1 PI 
cross section, of 7.4 sec. N from the oxygen, T i*iich 

202 
would obscure the 25 sec. Au ). 

I t was possible t o s t a r t counting 15 seconds a f t e r 
the end of the i r r a d i a t i o n and the scaler, operated by 
the electronic timing device, counted f o r periods of 
4.8 seconds with i n t e r v a l s of 1.2 seconds. The decay 
of the a c t i v i t i e s induced i n the mercury could then be 
followed very closely. Even so, i t was not possible 

202 
to resolve the 25 sec. Au a c t i v i t y from the high 
l e v e l of 43.5 rain. Hg"̂ ^̂ °̂ . A t h i n platinum absorber 
absorbed most of the 43.5 min. conversion electrons 
and X-rays and the 25 sec. a c t i v i t y became apparent, but 
i t was at a low l e v e l and counting s t a t i s t i c s were bad. 
Also, a correction would have to be introduced f o r 
absorption i n the platiniim f o i l , and, with the lack 
of knowledge of the decay scheme and /^-energies of 

202 
Au , i t was f e l t that any value obtained, f o r the 

202 202 
Hg (n,p)Au cross section wotild be i n s u f f i c i e n t l y 
accurate to be valuable. 
I s o l a t i o n of platinum f r a c t i o n . 

The mercuric oxide (ca. 1.5 gras.) was dissolved 
i n 10 mis. of aqua regia. 2. mis. of the standard 
platin\m c a r r i e r solution and a l i t t l e gold c a r r i e r were 
added. The platinum f r a c t i o n was separated by the 
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procedure described by Meinke with small modifications. 

Step 1. Excess HCl was removed by evaporating to 
near dryness with the addition of cone. HNOg. 

The completion of t h i s step was s i g n i f i e d by the 
p r e c i p i t a t i o n of mercuric chloride. 

Step 2. The mercuric chloride precipitate was 
dissolved by the addition of water and the solution 

v/as d i l u t e d to 15 mis. 
Step 3. The solution was p2:aced i n a 100 mis. 
separating funnel and shaken with an equal volume 

of ethyl acetate. under these conditions (absence of 
excess chloride ions) both gold and mercury were 
extracted i n t o the organic layer, which was discarded. 

Step 4. The extraction was repeated f i v e times 
with the addition of gold and mercury carriers on 

the t h i r d extraction. The organic phase was discarded. 
Step 5. The aqueous phase, containing the platintmi 
f r a c t i o n , was warmed and crystals of NHgOH.HCl were 

added t o destroy excess; HNOg» 
Step 6. The solution was made 6N with respect 
t o HCl and ca. 15 mgs. of SnClg crystals were 

added. These reduced Pt(lV) to P t ( l l ) with the 
formation of the f a m i l i a r orange-red colouration. 
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Step 7. Excess SnClg was removed by centrifuga-
t i o n and the red P t ( l l ) complex was: extracted 

i n t o an equal volume of ethyl acetate. Th© aqueous 
phase was discarded. 

Step 8. The organic layer was washed several 
times with equal volumes of 6N HCl. 
Step 9. The organic layer was evaporated to 
dryness and the residue was taken up i n 2N HCl. 
Step 10. Elemental Pt was precipitated by 
reduction with Grignard magnesium. 
Step 11. The precipitated Pt ®as washed with 
water and a source f o r counting under the end window 

counter was prepared, dried at 110°c and weighed. 

The procedure could not be completed i n less than 
s i x t y - f i v e minutes. 

I t was necessary to trace the decay of the platinum 
source very closely as i t comprised several a c t i v i t i e s . 
A f t e r the subtraction of long-lived a c t i v i t i e s , the 
31 min. pt"^^^ and 88 min pt''-̂ '''"* a c t i v i t i e s were resolved 

48 
graphically, again employing the expres^on 

and assuming the l i t e r a t u r e values of the h a l f - l i v e s . 
197 

The long-lived a c t i v i t y comprised 19,7 hr. Pt 
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and 3.15 day Au-*-̂ ,̂ the daughter of Pt"^^^, but the 
l e v e l of the l a t t e r a c t i v i t y was barely above backgroTxnd 
and was neglected, 

RESULTS MP DISCUSSION. 
The results are presented i n Tables 23, 84, 25, 26 

and 27. 
Values of 3,36 mbs, ̂  0.46 and 2,46 + 0,26 have 

been obtained f o r the Hg^°°(n,p)Au^°° and Hg^^(n,p)Au^°''-
cross sections-. These are i n good agreement with the 
values of 3,63 ̂  0,36 and 2,12. +• 0,32 reported by 

39 
Coleman et a l f o r the respective reactions. 

The values obtained f o r the (n, o<) cross sections 
d i f f e r e d sharply from Coleman's values;. He reported 
1,77 mbs, + 0,35 and 1.01 mbs. + 0.10 f o r the Hĝ °°(n,P<)pt̂ ®''' 

SOP "199 

and Hg (n, <?f)pt cross sections. The values, 
obtained i n the present work, are 0.44 mb. * 0,05 and 
0.31 mb. +- 0,03 f o r the respective reactions. This 
difference i s hard to understand and no explanation i s 
put forward, but the present values are more i n l i n e with 
the trend of low (n,o<) cross, sections, vftiich i s 
apparent i n the high-Z region of the Periodic Table, 

Aul9'^(n, cX)lrl^4 = ^^^^ Tl^^^n, cf)An^OO = 
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0,37 mb.^^ Bi^°^(n,CX)T1^°® ^ 
The decreases i n (n,p) and (n, of) cross sections 

with increasing Neutron Num"ber are examples of the 
Levkovskii Trend. Levkovakii^^ observed that the (n,p) 
and ( n , cK) cross sections of isotopes decreased with 
increasing Neutron Number, I n most of the examples he 
investigated the decreases were approximately by some 
mul t i p l e of two f o r each additional neutron i n the nucleus. 
Levkovskii explained the Trend on the basis of the 
s t a t i s t i c a l theory of the compound nucleus. As the 
neutron/proton r a t i o i n the nucleus increases, the 
emission of neutrons from the compound nucleus i s favoured 
at the expense of charged p a r t i c l e emission. Examination 
of Paul and Clarke's values f o r (n,2n) cross sections''" 
reveals t h a t , i n general, they increase with A at 
constant Z (at l e a s t , i n the middle -z region), confirm­
ing t h i s hypothesis. 

The measured decreases i n Hg(n,p) and (n, oC) cross 
sections are not as large as those measured by Levkovskii 
i n the low and middle -z regions of the Periodic Table, 
This might be e:g)lained by the predominance i n the high-Z 
region of the di r e c t mechanism f o r (n,p) and (h, (X) 
reactions. Then, l o c a l neutron/proton ra t i o s only must 
be considered and these are not going to be appreciably 
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affected by the addition of one neutron to a heavy 
nucleus. 

20? ?0? I t can be seen why a value f o r the Hg (n,p)Au 
cross section would have been valuable. I t might have 
provided further evidence of the Levkovskii Trend. 
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i ) IRRADIATION OF ABGON. 

L i q u i d argon was i r r a d i a t e d i n the vessel depicted 

i n F i g . 19. The re a c t i o n s olDserved were;-

A^°(n,p)Cl^° {t^ =̂  1.4 mina. + 0.03) 
A'^°(n,pn)cl^^ ( t ^ = 55 mins. + 0.8) 
Â ^̂ Cn, 0<)S^'^ ( t i = 5 minss. +_ 0.1) 

The r e l a t i v e cross, sections of these reactions 
were measured i n a series; o f i r r a d i a t i o n s , and t h e i r 
absolute cross sections were determined hy measuring 

40 37 
the A ( n , o<)S cross section r e l a t i v e t o t h a t i f the 
Fe (n,p)Mn r e a c t i o n : This was done hy i r r a d i a t i n g 
the l i q u i d argon i n the i n t e r s t i c e s o f i r o n wool, which 
was packed i n t o the i r r a d i a t i o n vessel. 

The measured h a l f - l i v e s of the induced a c t i v i t i e s 
are reported atove. 
EXPERIMENTAL DETAILS. 
I r r a d i a t i o n procedure. 

The i r r a d i a t i o n vessel and associated apparatus are 

depicted i n F i g . 19. The vessel was evacuated "before 

t e i n g f i l l e d w i t h argon from a c y l i n d e r . The argon 

waS: condensed hy immersing the vessel i n l i q u i d a i r . 

The ve s s e l , c o n t a i n i n g alDout 3 mis. of l i q u i d argon when 
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f u l l , was sealed and i r r a d i a t e d s t i l l immersed i n 
l i q u i d a i r . 

A f t e r i r r a d i a t i o n the argon was allowed t o 

evaporate, huhhling through a IN NaOH s o l u t i o n . This 

s o l u t i o n was then sucked "back through the i r r a d i a t i o n 
vesiael t o c o l l e c t the a c t i v i t y s t i c k i n g t o the w a l l s . 
( I t had "been shown i n p r e l i m i n a r y experiments, t h a t 
ahout 80^ of the c h l o r i n e as w e l l as the sulphur a c t i v i t y 
stuck t o the w a l l s of the i r r a d i a t i o n v e s s e l ) . The 
s o l u t i o n was made up t o 10 mis. and counted i n the 
standardised l i q u i d counter. This procedure could he 

40 
completed i n ahout 6 mins. The 1.4 min. Cl » the 5 

37 39 rain. S and the 55 min. Cl a c t i v i t i e s were resolved 
g r a p h i c a l l y . A t y p i c a l decay curve i n reproduced i n 
F i g . 20, • 

40 
Est i m a t i o n of the l i g u i d counter e f f i c i e n c y f o r Cl . 

37 39 
The decay schemes of S and Cl are w e l l established 

and t h e i r counting e f f i c i e n c i e s were accurately i n t e r p o l a -
40 

t e d from the l i q u i d counter c a l i h r a t i o n curve. Cl 
has reported /^'a o f 3.2 MeV and 7,5 Mev, "but t h e i r 
p r o p o r t i o n s i n the decay scheme are not known. But, 
whereas lh&- l i q u i d counter e f f i c i e n c y haa "been shown t o 
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vary q,uite sharply w i t h /^-energy, the v a r i a t i o n i n the 

end window counter e f f i c i e n c y i s s l i g h t and, f o r energetic 
^*s., e f f i c i e n c i e s can iDe i n t e r p o l a t e d from the 
c a l i b r a t i o n curve w i t h an e r r o r of only a few per cent. 

40 
The counting e f f i c i e n c y of the l i q u i d counter f o r CI 
was measured r e l a t i v e t o t h a t of the end window counter 

40 
f o r a Cl s o l i d sovirce. 

A small volume (ca. 1 ml.) of .•.liquid:; argon was 
i r r a d i a t e d f o r 2 mins. and the argon q u i c k l y "boiled o f f . 
The i r r a d i a t i o n vessel was washed w i t h a standardised 
d i l . HCl s o l u t i o n (ca. 1 mg./ml. of Cl") and the 
washings were made up t o 20 mis. A 10 ml. a l i q u o t p a r t 
o f t h i s s o l u t i o n was counted i n the l i q . u i d counter. A 
l i t t l e cone. HNOg was added t o the second h a l f and AgCl 
was p r e c i p i t a t e d "by the a d d i t i o n of excess O.IN AgNOg 
s o l u t i o n . The AgCl ppt. was c o l l e c t e d on a glass f i t r e 
f i l t e r disc and washed w i t h d i l . HNOg, followed hy 
alc o h o l and ether t o dry. This source was prepared 
i n about seven minutes from the end o f the i r r a d i a t i o n . 

37 
I t was uncontaminated "by any S a c t i v i t y . 

A f t e r c o r r e c t i n g f o r the chemical y i e l d o f the 
procedure, the absolute d i s i n t e g r a t i o n r a t e of the source 
was determined "by applying the c o r r e c t i o n f a c t o r 
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i n t e r p o l a t e d from the end window c a l i b r a t i o n curve. 
40 

The observed Cl a c t i v i t y i n the l i q u i d counter was 

d i v i d e d by the absolute d i s i n t e g r a t i o n r a t e , g i v i n g the 

l i q u i d counter e f f i c i e n c y . The experiment was 

repeated i n t r i p l i c a t e , y i e l d i n g t hree r e s u l t s i n close 

agreement. 
peteiTO.ination o f the absolute cross sections. 

For the determination o f absolute cross sections, 
the l i q u i d argon was i r r a d i a t e d i n the i n t e r s t i c e s of 
i r o n wool, infliich was packed i n t o the i r r a d i a t i o n vessel. 
The cross s e c t i o n o f the ( n , cp() r e a c t i o n was measured 
r e l a t i v e t o t h a t of the i r o n reference and the two other 
argon cros;s sections f o l l o w e d from t h e i r values r e l a t i v e 
t o the ( n , o<) cross s e c t i o n . 

I n t h i s experiment, i t was required t o know 
accu r a t e l y the volume of argon i r r a d i a t e d , and the NaOH 
washings had t o be q u a n t i t a t i v e l y c o l l e c t e d . The i r o n 
wool was l a t e r recovered by breaking the i r r a d i a t i o n 
v e s s e l , and given the same treatment as the i r o n granules 

* 56 i n other experiments. The Mh a c t i v i t y was traced 
i n t h e l i q u i d counter and decayed w i t h the correct h a l f -

l i f e . 
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RESULTS AND DISCUSSION. 
The r e s u l t s of i r r a d i a t i o n s g i v i n g the r e l a t i v e 

values of the ( n , p ) , (n,pn) and ( n , < x ) cross sections 
are presented i n Table 29 and the absolute value of 
the ( n , CX) cross s e c t i o n i n Table 28. 

I t can be seen t h a t the r e l a t i v e values of the 
three cross sections have been f i r m l y established, but 
the two measurements o f the absolute ( n , o^) cross 
s e c t i o n d i f f e r by a f a c t o r o f two. This d i f f e r e n c e 
a r i s e s from the d i f f i c u l t y of measuring the volume o f 
l i q u i d argon i n the iron-packed i r r a d i a t i o n vessel, 
and i t i s l i k e l y t h a t i n the f i r s t measurement i t has 
been overestimated. The value obtained from the 
second i r r a d i a t i o n i s more r e l i a b l e , although f u r t h e r 
r e p e t i t i o n of the experiment would seem desirable. The 
argon might be estimated by measuring the volume of 
the gas evaporating from the i r r a d i a t i o n vessel. 

These argon cross sections have not been previously 
measured. 

The primary purpose of i r r a d i a t i n g argon was t o 
i n v e s t i g a t e evidence o f the A^^(n,pn)cl^^ r e a c t i o n . 
This r e a c t i o n has not been p r e v i o u s l y reported, but C o l l i 
et a l report (n,d) cross, sections of the same order 
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31 32 40 
of magnitude as (n,p) f o r P , S and Ca . Argon 
provides one of the few cases i n which (n,pn) reactions 
can be studied by an a c t i v a t i o n technique. Most (n,pn) 
r e a c t i o n s r e s u l t i n stab l e products and, v/here a c t i v i t i e s 
are induced, the same a c t i v i t i e s are o f t e n induced by 
an (n,p) r e a c t i o n on the A-1 neighbouring n u c l i d e . 

I t i s l i k e l y t h a t the (n,pn) r e a c t i o n proceeds, at 
l e a s t t o some extent, by a d i r e c t mechanism of the 
pick-up type, where the pro t o n i s snatched from the 
nucleus by the i n c i d e n t neutron. The r e a c t i o n i s then 
an (n,d) r a t h e r than an (n,pn) r e a c t i o n . This 
assumption i s made on the basis o f the r e s u l t s of C o l l i 
et a l , who present the deuteron speatra observed on 

31 32 
i r r a d i a t i n g P and S . These e x h i b i t an intense 
deuteron l i n e corresponding t o the fundamental state of 
the r e s i d u a l nucleus. This type of spec:trum, Tiftere the 
fundamental s t a t e i s predominant, i s i n d i c a t i v e of a 
d i r e c t mechanism. 
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D) IRRADIATION OF OSMIUM. 

Examination of a current n uclide chart revealed 

t h a t Re-'-̂ ^ and F''^^, the (n,p) and ( n , « ) products o f 
19 2 19 2 OS , were unknown. Oa i s the most abundant 

192 J.89 
isotope o f osmiiim, and Re and mr might reasonably 

be expected t o decay w i t h measurable h a l f - l i v e s . I n 

an attempt t o discover new a c t i v i t i e s , \(*iich.:might be 

assigned to Re"̂ ^̂  and osmium was i r r a d i a t e d w i t h 

14 MeV neutrons. 

EXPERIMENTAL DETAILS. 

Pure osmium metal was i r r a d i a t e d f o r 15 mins. and 

q u i c k l y t r a n s f e r r e d t o the counting room by meana of 
the " r a b b i t " . Th© a c t i v a t e d osmium was counted through 

2 
a 48 mg./cm. gold absorber t o e l i m i n a t e the x-rays and 

conversion electrons from the a c t i v i t i e s induced i n 

l i g h t e r osmium isotopes. At f i r s t the scaler was 

operated by a t i m i n g device, counting f o r periods of 

10.8 sees, w i t h 1,2 s e c i n t e r v a l s . The decay o f the 

a c t i v i t i e s induced i n the osmium was followed f o r 20 h r s . 

The gross decay curve i s reproduced i n F i g , 21. 

RESULTS AND DISCUSSION. 
A f t e r the s u b t r a c t i o n o f l o n g - l i v e d a c t i v i t y (17 hr. 
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Re^^^ and 24 h r . Ŵ ®'''), the gross decay curve 
resolved i n t o 2.8 min., 9,3 min. and 1,1 hr. a c t i v i t i e s . 

A l l of these a c t i v i t i e s have p r e v i o u s l y been reported, 
although the 9.3 min. h a l f - l i f e i s s l i g h t l y lower than 

the l i t e r a t u r e value (9,8 mins,). 
54 

At en and Feyfer observed the 2,8 min. a c t i v i t y 
i n good y i e l d from both the f a s t neutron and 26 Mev 
deuteron i r r a d i a t i o n s o f osmium. They performed 
radiochemical separations and the 2.8 min, a c t i v i t y 
f o l l o w e d the rhenium f r a c t i o n . I t was then f a i r l y 

190 IQO 190 
unequivocally assigned t o Re , formed by the Oa (n,p)Re 

and 0^^^^{6., c?f)Re'^^^ r e a c t i o n s . 
This assignment has been confirmed i n the present 

work by cross-bombardment. A 8-?3 min. a c t i v i t y was 
induced i n pure i r i d i u m metal by 14 Mev nieutrons. This 
could only be Re^^°, produced by the l r ^ ^ ^ ( n , o()Re^^° 
r e a c t i o n . The lower h a l f - l i f e (2,3 mins, instead o f 
2,8 mins.) was probably due t o contamination by the /^*s 
from 1,4 min. I r ' ' " ^ ^ . These c o n s t i t u t e only about 
0.1^ o f the t o t a l i r " " " ^ ^ decay scheme, but the cross 
s e c t i o n f o r the production o f the l a t t e r w i l l be 
three orders o f magnitude greater than t h a t f o r the 
p r o d u c t i o n of Re"^^^. The i r ^ ^ ^ conversion e l e c t r o n s 
were cut out by an absorber. 
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Aten and Feyfer^^'^^ also observed a 9,8 min, 
a c t i v i t y which followed rhenium chemistry, but only 
from t h e f a s t neutron i r r a d i a t i o n of osmium. I t was 
not produced by i r r a d i a t i o n w i t h 26 MeV deuterons, 

ISQ 1Q1 1QP 

Assignment o f t h i s a c t i v i t y t o Re"^Re"^^"^ or Re"̂ *̂ 
i s c onsistent w i t h i t s l a c k of production by an Os(cL, o<) 

r e a c t i o n , o f these, the current issue of Nuclear Data 
191 

favours the assignment t o Re on the basis of i t s 
r e p o r t e d /^^^-energy (1.8 Mev). /^-decay-energy 
systematics i n d i c a t e Q values o f 1,2 and 4 MeV res­
p e c t i v e l y f o r Re^®^, Re^^^ and Re^^^, 

But, from an examination of F i g , 21, i t can be 
seen t h a t the 9.8 min. a c t i v i t y i s produced w i t h roughly 

190 
the same cross s e c t i o n as the 2.8 min. Re . This is. 
c r e d i b l e only i f i t i s produced by an (n,p) r e a c t i o n , 
because 0s(n,pn) cross sections at 14 Mev can be assumed, 
on the basis o f a recent paper by Barry et a l , t o be 
an order of magnitude smaller than the (n,p) cross 
s e c t i o n s . Re''"̂ '̂  can only be formed by an (n,pn) r e a c t i o n , 
and, f o r t h a t r e a s o n , i t seems u n l i k e l y t o be the 
c o r r e c t assignment f o r the 9,8 min, a c t i v i t y . 

189 
Assignment t o Re also seems u n l i k e l y , as a 

^ 2 0 0 day a c t i v i t y has already been assigned t o i t . 
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I t i s concluded t h a t the 9.8 min, a c t i v i t y i s 
c o r r e c t l y assigned t o Re . 

The l . l . h r . a c t i v i t y observed has been t e n t a t i v e l y 
assigned by Haider and w i i g ^ " ^ t o Re^®^ 
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k ) IRRADIATION OF YTTERBIUM 

Examination of a cur r e n t nuclide chart revealed 
176 

t h a t the (n,p) and ( n , oC) products of Yb and the 
173 

(n,p) product of Yb were unknown. several 
i r r a d i a t i o n s o f n a t u r a l y t t e r b i u m oxide were performed 
and two new a c t i v i t i e s w i t h h a l f - l i v e s of 2, + 0.5 mins. 
and 9 +• 1 mins. were observed. 

These a c t i v i t i e s might be assignedi t o •Tm'̂ '̂ ,̂ Tra''"''̂  

41 
W i l l e and Fink r e c e n t l y reported the r e s u l t s o f 

i r r a d i a t i o n s c f enriched isotopes of ytterbium. They 
observed the 2 min. a c t i v i t y from Yb'̂ '''̂ , b u t , w i t h 
the i m p o s s i b i l i t y of performing a radiochemical separa­
t i o n i n t h e short time a v a i l a b l e , they were unable t o 
assign i t t o e i t h e r Tm̂ *̂ ^ or Er^*^®, 

They also observed a 7,5 + 1 min. a c t i v i t y (probably 
the same as the 9 min. a c t i v i t y observed here) from 
To^'^^, but not from Yb-*-*̂ .̂ This could be Tm̂ "̂ ,̂ b u t , 
according t o W i l l e and Pink, i t was not produced i n a 
hig h enough y i e l d . 
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1) EXAMINATION OF POSSIBLE (n.tfe^) REACTIONS 
CO 

i n a recent paper Kimate et al have reported: 
(n,He^) reactions for Mn̂ ,̂ Cô ,̂ As'''̂  and Kh^^^ with 
14.8 Mev neutrons. They report cross sections for these 
. reactions of the order of millilDarns. As, i n a 
previous survey carried out i n this lahoratory, no 2 min. 
a c t i v i t y corresponding to the (n,He3) product of Mn̂ ^ 
had iDcen detected, an attempt was made to reproduce the 
results of K\3ma"be and his co-workers. A l l four of 
the nuclides, l i s t e d ahove, were irradiated and their 
decay curves analysed i n a search for the products 
of possible (n,He ) reactions, iDut their existence could 
not "be verified. i t i s certain that these reactions 
do not occur with the cross, sections reported "by Kumabe.-
Upper limits; of the cross sections, calculated from the 
results obtained i n the present work, are an order of 
magnitude smaller than Kumabe's values. 
EXPERIMENT DETAILS. 
Irradiation of cobalt. 

"Spec-pure" cobalt metal was irradiated for 2 
mins. and quickly transferred to the counting room by 
means of the "rabbit". The activated cobalt was placed 
under the end window coianter and counted for periods 
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of 10.8 sees, with 1.2 sec. intervals, the scaler "being 
operated iDy an electronic timing device. The decay 
of the a c t i v i t y induced i n the coiaalt was followed for 
f i v e hours.. On resolving the decay curve, a small 
amount of a 1.8 min. a c t i v i t y , possllDly Mn̂''', the 
(n,He ) product of Cô ,̂ was detected i n the presence 
of the high yield of 2.58 hr. Mn̂ ^ from the (n, <X) 
reaction. Repetition of the experiment produced the 
same result, hut, i n each case, the 1,8 rain, a c t i v i t y 
was so low as to harely exceed the l i m i t s of errors 
arising from counting s t a t i s t i c s . An upper l i m i t of 
the (n,He'̂ ) cross section was calculated relative to 
the predetermined value (35 mhs.) of the (n, o<) cross 
section. 

Irradiation of. arsenic. 
TWO homogeneous mixtures of iron and arsenious oxide 

were irradiated. The iron was removed from the mixtures 
and treated as descrihed elsewhere. The gallium activity 
induced i n the arsenic was chemically separated from the 
target material and counted under the end window counter. 
The decay of this source was followed for four half-lives 
of the 14.1 hr. (n, CX) product, Gâ'''̂. Evidence of 
the presence of Ga , the 5 hr, product of an (n,He'̂ ) 
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reaction, was slight and ambiguous, but an upper l i m i t 
of the (n,He ) cross section was calculated. This 
e35periment also furnished a value for the As (n, CX)Ga 
cross section (Table 30). 

Isolation of gallium. 
The irradiated ASgOg (ca. 1»5 gms.) vras dissolved 

i n 20 mis, of cone. HGl with a few milligrammes of 
GeOg. 1 ml. of a standardised gallium carrier solution 
(ca. 5 mgs./ml.) was added. 

Step 1. The solution was evaporated to dryness, 
the germanium and arsenic d i s t i l l i n g off with the 

HCl as Gecl^ and AsClg. 
Step 2» The gallium residue was taken up i n 5 mis. 
of cone. HCl and Step 1 was repeated to remove the 

last traces of Ge and As. 
Step 3. The gallium residue was taken up i n 10 mis, 
of 6N HCl and, when cool, was extracted twice with 

egual volumes of ethyl ether. The two ether layers were 
combined. 

Step 4. The combined ether layer was washed four 
times with one-third volumes of 6N HCl. 
Step 5. The gallium was back-extracted into 5 mis. 
of water. This was repeated and the two aqueous 
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layers were comhined. 
Step 6„ Crystals of Rochelle salt were dissolved 
i n the aqueous solution, which was rendered just 

alkaline hy the addition- of dilute ammonia, and the 
gallium was precipitated "by adding an excess of a 5jS 
solution of 8-hydroxy-q.uinoline i n acetic acid. 

Step 7, The Ga "oxinate" ppt. was collected on 
a glass fihre f i l t e r disc, dried at 110°C. and 

weighed. 
These gallium sources could he prepared and counted 

within one hour of the end of the irradiation. The 
gallium carrier solution was standardised gravimetrically, 
weighing as the "tri-oxinate". This was precipitated 

59 
under the conditions recommended hy Schoeller and Powell, 

RESULTS MP DISCUSSIOH. 
In Ta'ble 31 the results ohtained for the upper 

l i m i t s of (n,He^) cross sections i n Mn̂ ,̂ Cô ,̂ As'''̂  and 
103 

Rh are compared with the values reported hy Kumahe 
et a l . The results quoted for Mn and Rh were 
ohtained hy Mrsi, E.B.M. Martin. 

I t i s impossihle to reconcile Kumahe's results with 
the present work. I t was at f i r s t f e l t that the 
cross sections quoted i n milliharns were, i n fact. 
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TABLE 51. THE ESTIMATED UPPER LIMITS OF CROSS SECTIONS 
OF THE (n,He>:>) REACTION IN VARIOUS TAR&^ 
NUCLIDES COMPARED WITH THE VALUES REPORTED 

BY KUMABE ET AL.»« 

Target 
nuclide 

Mn 55 

Co 59 

AS 75 

Rh 103 

(n,He )cross section 
present work Kumabe et al. 

(mbs.) (mbs.) 

0.1 
0.1 
0.3 
0.1 

2: 
1.0 
3 

1.5 

-•6 
- 3.0 
r- 7 
- 3.5 

Q value 
(Mev) 

- 12.65 
- 12.41 
- 9.82 
- 8.46 

supposed to be i n microbarns, but then the activities 
could not be resolved from the gross decay curves. I t 

53 
i s d i f f i c u l t enough to see how the 2 min, V , produced 
with a cross section of 2ii6 rabs, by the Mn̂ (̂n,Hê )V̂ '̂  
reaction, was resolved from the 3.5 min. (n,p) and 
(n, o() products of Mn̂ ,̂ which are produced with a cross 
section of 150 mbs. Decay curves were not published, 
i n the present work i t was d i f f i c u l t enough to detect 

cry go 

the 2 min. Mn (from Co ) i n the presence of 2.58 hr. 
Mil , which i s formed with a cross section of only 
35 mbs. 

The isolation of the gallium a c t i v i t y from, 
irradiated arsenic was an imp3?ovement on Kumabe's 
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experiment where no chemistry was performed. The 
l a t t e r analysed the gross decay curve which, hesides 
the reported 5 hr. (n,He ) product, included 82 min. 
75 72 G© and 14.1 hr. Ga . According to Kumahe, the 5 hr, 

Ga was produced with a cross section of the same order 
as the (n, of) cross section, hut gallium sources, 
prepared i n the present work, decayed almost exactly 

72 
With the literature value of the h a l f - l i f e of the Ga (n,o^ 
product, i,e. 14.1 hrs. There was only the slightest 
evidence of a shorter a c t i v i t y at the heginning of the 
decay curves. 

The only conclusion that can he drawn from the 
present work i s that Kumahe et al were mistaken. 
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CHAPTER 5 

COLLECTED RESULTS AND DISCUSSION 

Summary of results 

A l l cross sections are quoted relative to an 
assumed value of 124 mbs. for the pe Xii»P)Mn cross 
section. 

TABLE 32. fa,p) CROSS SECTIONS. 

Target 
nuclide 

Mg 24 

Al 27 
.40 

I 127 

Ba 138 

Au 197 

Hg 
Hg 

20 0 
201 

Bl 209 

product 
nuclide 

Na 24 

CI 
Te 
Cs 
Pt 

27 
40 
127 
138 
197 

AU 

Au' 
Pb 

200 
201 
209 

Ha l f - l i f e 

15.0 hrs. + 0.1 
9.5 mins. 
1.4 mins. +• 0.0® 
9.2 hrs. + 0.1* 
33.1 mins. + 0*6 
19.7 hrs. 0.4 
48 mins. 
26 mins. 
3.17 mins. + 0.04 

Lower l i m i t sinde only one isomer observed. 

TABLE §3. 
AO 

(n,pn) CROSS SECTION. 
39 CI 55.0 mins. + 0.8 

Cross section 
(mbs. ) 

178 + 12 
73.5 
1.5.1 
3.17 + 0.27 
1.56 + 0,26 
2.60 + 0,27 
3,36 +.0.46 
2.46 + 0.26 
0.97 + 0.08 

1.61 
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Target 
nuclide 

product 
nuclide H a l f - l i f e • Cross section 

(mbs,) 
TABLE 34. fa,«J CROSS SECTIONS. 

Na24 15.0 hrs, Hj. 0.1 117 + 5 
A « Ŝ ^ 5.0 mins. + 0.1 15.0 
CO^ Mn̂ ^ 2.58 hrs. 34.8 + 1.3 
AS^« aâ 2̂  14.1 hrs. +0.2 8.4 + 1.0 
AÛ ^̂  . 19.4 hrs. +. 0.6 0,50 + 0.08 

Pt^^'^ 19.7 hrs, +0,4 0.44 + 0.05 
Ptl99 31 mins. 0.31 + 0.03 
Tl206 4,18 mins, + 0.02 0.46 + 0.06 

TABLE 35. CROSS SECTIONS. 

Mn̂ e 2.58 hrs. 1.29 +. 0.23 
^127 J.128 25.0 mins.+ 0. 1 6.5 + 0.8 
Ba^^« Ba^^^ 84.0 mins 0, 6 1.70 + 0.15 
^,209 Bi^lO 5 days. 0.67 + 0,04 

TABLE 36, fa,2n)CROSS SECTION. 

J.127 J126 13 days 1600 +. 60 
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The standard deviations q.uoted simply record the 
spread of experimental results and do not include an 
allowance for systematic errors. They are due to the 
counting st a t i s t i c s of induced a c t i v i t i e s and to small 
uncertainties i n chemical yield and neutron flux determina­
tions. The general lowness, of standard deviations i s a 
measure of the success of the homogeneous mixture technique 
for monitoring the neutron f l u x . 

The attention paid to counter calihration has reduced 
systematic errors, arising from the estimation of counting 
efficiencies, to a minimum. Measured counting efficiencies 
were thought to he accurate to within one or two per cent. 
Where i t was not possihle to measure counting efficiencies 
direc t l y , they could he interpolated from the calihration 
curves, with an estimated error of plus or minus three per 
cent. 

Greater accuracy i n the determination of ahsolute 
disintegration rates i s considered the higgest improvement 
on the results of previous workers. This includes the 

34 41 
more recent work of Fink et a l , » who, i n otherwise 
painstaking experiments, estimated their counting 
efficiencies hy the unreliahle semi-empirical method desi-

39 
crihed i n Chapter 2, Only Coleman et a l , who measured 
induced a c t i v i t i e s hy a 4 7r technique could claim equal 
accuracy. 
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The present work has corrected one or two 
inaccuracies i n Paul and Clarke's original paper,^ but 
confirms the trend, observed by them and now generally 
accepted, of the fai l u r e with increasing z of the 
evaporation theory of the compound nucleus to give an 
adequate account of (n,p) and (n, o() reactions. I n 
the high-z region, measured (n,p) and (n, cŝ ) cross 
sections are as much as four orders of magnitude higher 
than their values calculated on the basis of the 
s t a t i s t i c a l treatment of Blatt and Weisskopf. 

TO account for this trend Paul and Clarke proposed 
an alternative mechanism by which (n,p) and (n, Of) reactions 
might proceed. They proposed a direct interaction process 
i n which the incident neutron interacts strongly with 
only one proton or of-particle i n the target nucleus, 
which escapes before much energy sharing takes place. 
This process becomes more important with increasing Z, 
as the emission of charged particles from the compound 
nucleus , i s supressed by the increasing height of the 
Coulomb barrier. 

Further evidence of direct interactions competing 
with the evaporation process i n nuclear reactions was 
provided by experiments examining the energy distributions 
and d i f f e r e n t i a l cross sections of reactions emitting 
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charged particles, pulmer and Cohen studied (p,oi ) 
reactions with 23 Mev protons. For low-z targets 
(Al,Ni,Cu), a l l hut the highest energy oc-particles were 
emitted isotropically, consistent with the s t a t i s t i c a l 
nature of the evaporation process from a compound 
nucleus,. The high energy o<'s showed forward peaking 
characteristic of a process proceeding without the prior 
formation of a compound nucleus. For pd (middle-z), the 
forward peaked • cx's included a l l those from 12 Mev upwards. 
Lower energy oi*s were isotropic. For pt(high-z), a l l 
o6-particles showed forward peaking and no sign of statis­
t i c a l processes was l e f t . These results are supported 

fi 1 
hy the work of Gugelot, who ohserved the same trends 
i n (p,p') reacjtions for 18 MeV protons, and Eishorg and 
Igo^^ found strongly forward peaked differential cross 
sections for 31 MeV protons i n (p,p') reactions on Ph, 
Au, Ta and Sn for a l l energies of p'. 

Several v/orkers have demonstrated . anisotropic proton 
distrihutions from (n,p) reactions induced hy 14 MeV 
neutrons. The results of these experiments are reviewed 
i n a recent paperTy Col l i et a l , who discuss possihle 
mechanisms of the direct interaction process. 

The general picture presented i s of the direct 
interaction process competing with the evaporation process 



- 145 -

over the whole range of Z, but becoming predominant i n 
the high-z region, where.the evaporation process i s 
suppressed by the Coulomb barrier, 

3 
Brown and Muirhead have proposed a nuclear model 

for (n,p) reactions which takes account of a direct inter­
action process. This model i s based on the extrame 
assumption that the target nucleus can be represented 
by an assembly of non-interacting nucleons and that a 
nuclear reaction proceeds i n three stages, ( i ) an i n i t i a l 
c o l l i s i o n between the incident nucleon and one of those 
contain.6d i n the target nucleus followed by ( i i ) the 
formation of an excited nucleus which subsequently decays 
( i i i ) . The emission of nucleons can occur i n stages 
( i ) and ( i i i ) . The emission of nucleons i n stage ( i ) 
occurs i n a period of about 10"^^ sec. (the time taken 
for a fast neutron to traverse a heavy nucleus) and i n 
stage ( i i i ) i n a period many orders of magnitude longer 
(the estimated lifetime of a compound nucleus i s about 
10""̂ ^ sees.). Brown and Muirhead calculated the 
separate contributions of stages ( i ) and ( i i i ) , i.e. the 
separate contributions of the direct interaction and 
compound nucleus processes, to the t o t a l (n,p) cross 
sections of a number of reactions for 14 Mev neutrons. 
The effective contribution of the compound nucleus 
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process to (n,p) reactions i n the high-z region i s zero 
on the hasis of this model. 

In Tahle 37 (n,p) cross sections measured i n the 
present work are compared with values calculated hy 
Brown and Muirhead*^ or hy Coleman et a l using Brown and 
Muirhead's model. 

TABLE 37. 

Target 
nuclide 

COMPARISON OF MEASURED (n,p) CROSS SECTIONS 
WITH VALUES CALCULATED ON THE BASIS OF BROWN 

AND MUIRHEAD'S MODEU 
©hserved 

cross section 
mhs. 

Calculated 
cross section 

mhs. ratio Cobs, 
O calc. 

24 Mg 
A l ^ ^ 
,127 

Ba 138 

Au 197 

Hg 
Hg 
Bi 

200 
201 
209 

178 
75.5 
3.17* 
1.56 
2»60 
3.36 
2.46 
0.97 

205/ 
64/ 
18.5^ 
3.OX 
6.4^ 
3.0^ 
3.9̂ -
7.2^ 

0.87 
1.13 
0.17 
0.52 
0.41 
1,18 
0.63 
0.14 

* Lower l i m i t since only one isomer ohserved, 
/ Brown and Muirhead.^ 

Coleman et a l . ^ ^ 
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POQ 
With the exception of Bi and the possihle 

127 
exception of I , the ohserved and calculated cross 
sections agree within a factor of two. In addition, 
there does not seem to he any systematic change i n the 
agreement with increasing z. These facts can he 
considered as good evidence for the type of direct 
mechanism envisaged hy Brown and Muirhead, altho\igh the ' 
authors themselves point out that the model i s a gross 
oversimplification, ignoring the detailed properties of 
individual nuclei. 

The actual mechanism of direct interactions remains 
i n douht. The success of Brown and Muirhead's model 
suggests that they proceed hy direct nucleon-nucleon 
collisions throughout the nuclear volume, although the 
pos s i h i l i t y of the enhanced production of protons at the 
nuclear surface was not overlooked, NUcleons emitted 
hy t h i s process leave the nucleus instantaneously hefore 
any energy sharing has taken place at a l l . An alternative 
mechanism, which i s supported hy the emission of of-particles, 
as well as protons and neutrons, hy direct interaction, 
assumes that energy sharing occurs i n a small localised 
part of the nucleus, involving only a fraction of the 
nucleons, hefore emission takes place. The nuclear 
temperature i n the "heated" l o c a l i t y i s much greater than 
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i f complete equilibrium had been reached i n the formation 
of a compound nucleus. Sufficient energy can then be 
concentrated on one nucleon to enable ifc to negotiate the 
Coulomb barrier. 

After considering the systematics of 14 MeV neutron 
reactions, Rosen^* favours the la t t e r mechanism. Colll®'̂  
has concluded that both types of mechanism occur and 
that both seem to be connected with the nuclear surface. 

The measurement of (n, /) cross sections i s restricted 
to those elements i n which the ac t i v i t y i s not obscured 
by a c t i v i t i e s induced by (n,n') and (n,2n) reactions, 
which have, at these energies, much higher cross sections. 

Capture cross sections for 14 MeV neutrons would have 
been expected from the results of Hughes et al'^for 1 MeV 
neutrons, to be vanishingly small. In fact, for heavy 
nuclides, they are equally favoured with (n,p) and (n,cv) 
reactions. The possibility of these \mexpectedly high 
(n, )() cross sections being due to the capture of degraded 
neutrons or DfD neutrons, has been eliminated experimentally. 

Lane and Lynn have presented a theoretical inter­
pretation of th i s observation. They have shown that, 
whereas the s t a t i s t i c a l treatment of the compoxind nucleus 
adeq.uately predicts Hughes' results, predictions for 
14 Mev neutrons underestimate observed values by from two 
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to four orders of magnitude. They have proposed a 
di r e c t capture process, to account f o r (n, }f) reactions 
at high energies. Here the captured neutron radiates and 
makes; a t r a n s i t i o n to a lower o r h i t w i t h i n the nucleus 
"before losing i t s i d e n t i t y i n the compound nucleus. 
Calculations of capture cross sections at 14 Mev made 
on the "basis of t h i s model are s t i l l an order of magnitude 
lower than ©"bserved values, "but adequately predict t h e i r 
dependence on masss; num"ber. 

An-examination of the if^spectra radiated "by capture 
reactions at high energies might throw some l i g h t on to 
the nature of t h i s d i r e c t process. 
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