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SUMMARY 
The Mass/Yield curve f o r the f i e s i o n o f n a t u r a l 

uranium by I i u 7 MeV neutrons has been established by the 
radiochemical separation and counting of a number o f f i s s i o n 
product isotopes. The f a m i l i a r double peaked curve i s 
obtained w i t h a peak to trough r a t i o of 10, peaks at 9 9 and 
136 mass u n i t s and y i e l d s at the peaks of 6.5$« The number 
of prompt neutrons emitted per f i s s i o n , which gives the best 
f i t f o r "mirror - p o i n t s " , i s k* 

A m o d i f i c a t i o n o f the associated p a r t i c l e method has 
27 

been uu&c! to determine the cross — s e c t i o n o f the A l 
(n,<X)Na r e a c t i o n f o r 13.5 MeV neutrons. A cross - se c t i o n 
value o f 113*7 + 10„1 mb has been obtained; t h i s compares 
favourably w i t h values from other sources. 
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PREFACE 
With the ready a v a i l a b i l i t y of t r i t i u m i n t h i s 

country, f a s t neutron sources based on the (D+T) r e a c t i o n 
o f f e r e d a means o f research to a s s i s t i n the i n t e r p r e t a t i o n 
of nuclear theories,, The major advantages o f t h i s source 
were the h i g h energy o f neutrons produced a t comparatively 
low bombarding energies (^lOO KeV) and the very small 
angular v a r i a t i o n i n energy, g i v i n g a source o f v i r t u a l l y 
monoenergetic neutrons. One obvious channel o f i n v e s t i ­
g a t i o n was nuclear f i s s i o n o 

When t h i s work s t a r t e d much i n f o r m a t i o n was a v a i l a b l e 
on the f i s s i o n o f uranium by thermal neutrons ( e s s e n t i a l l y 
f i s s i o n o f U and the r e s u l t s have been summarised by 
Steinberg and Glendenin ( 1 ) . Very l i t t l e had been reported, 
however,on f i s s i o n by neutrons o f higher energies (2 ,3) 

and the work was mainly concerned w i t h f i s s i o n spectrum 
neutrons. The study o f the f i s s i o n o f n a t u r a l uranium 
by li+ MeV neutrons was therefore c a r r i e d out to add f u r t h e r 
i n f o r m a t i o n to a s s i s t i n the i n t e r p r e t a t i o n o f the theory 
of nuclear f i s s i o n , to add to the fund of experimental data 
being accumulated and to obt a i n i n f o r m a t i o n o f p o t e n t i a l 
p r a c t i c a l importance to the design o f nuclear r e a c t o r s and 
processing p l a n t s . 

o - - 3 -



The mass/yield curve f o r thermal neutron f i s s i o n 
235 

of U J f o l l o w s the now f a m i l i a r shape o f two peaks at 
mass numbers 95 and 1l+0 w i t h a deep trough at mass number 
118 (the peak to trough r a t i o i s approximately 600). 
I r r e g u l a r i t i e s are found i n the form o f f i n e s t r u c t u r e i n 
the region o f the peaks which has been explained (L) by 
the p r e f e r e n t i a l formation o f n u c l e i w i t h closed s h e l l s 
of 50 or 82 neutronso At very h i g h energies, however, 
the trough disappears and the y i e l d curve consists o f a 

209 
s i n g l e peak; an example of t h i s i s the f i s s i o n o f B i 
w i t h 190 MeV deuterons (5)» At intermediate energies (e.go 
f i s s i o n spectrum neutrons) a curve s i m i l a r to t h a t f o r 
thermal neutron f i s s i o n i s found but w i t h a reduced peak 
to trough r a t i o (-100-200). I t was, t h e r e f o r e , expected 
t h a t the mass/yield curve f o r f i s s i o n by 11+ MeV neutrons 
would e x h i b i t dual peaks w i t h a comparatively small peak 
to trough r a t i o . 

I n f o r m a t i o n on the mass d i s t r i b u t i o n o f the f i s s i o n 
fragments has been obtained mainly i n two ways ( i ) the 
i o n i z a t i o n chamber technique, which measures the frequency 
of various k i n e t i c energy releases, from which data a massy 
y i e l d curve can be deduced and ( i i ) radiochemical i d e n t i ­
f i c a t i o n o f the f i s s i o n fragments. The l a t t e r method, 



which l e d to the discovery o f nuclear f i s s i o n ( 6 ) i s more 
s e n s i t i v e and i t i s t h i s procedure which has been adopted 
f o r t h i s i n v e s t i g a t i o n 

The two main fragments produced i n f i s s i o n have 
approximately the same neutron to proton r a t i o as the 
o r i g i n a l nucleus,, This r a t i o i s too high f o r s t a b i l i t y 
of the n u c l e i produced, even a f t e r the emission o f the 
prompt f i s s i o n neutrons and the n u c l e i a t t a i n s t a b i l i t y 
by a s e r i e s o f j3 -decay processes,, I s o l a t i o n and 
es t i m a t i o n o f one o f the isobars i n the decay chain enables 
i t s f i s s i o n y i e l d to be calculated,, A p r o p o r t i o n o f any 
given isobar may have been produced d i r e c t l y from the 
f i s s i o n process and the p r o p o r t i o n o f such f i s s i o n s to the 
t o t a l number o f f i s s i o n s i s the independent y i e l d . The 
independent y i e l d s of the l a t e r members o f the decay chains 
are small i n comparison w i t h the t o t a l chain y i e l d s and i n 
general there i s l i t t l e l oss o f accuracy i n i g n o r i n g them. 
Ternary f i s s i o n occurs r a r e l y r e l a t i v e to b i n a r y f i s s i o n 
and f o r the purpose o f e s t a b l i s h i n g the mass/yield curve 
may be ignored. 

Part 1 o f t h i s t h e s i s describes the i r r a d i a t i o n of 
n a t u r a l uranium w i t h MeV neutrons, the subsequent 
radiochemical separations and counting techniques involved 
i n c o n s t r u c t i n g the mass/yield curve. The e f f e c t o f the 
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U-235 present i n the n a t u r a l uranium i n the p r o p o r t i o n 
1 i n 1^0 may be ignored since the; f i s s i o n cross-sections 
of U 3 and U are s i m i l a r ( 7 ) and hence the mass/yield 

238 
curve i s e s s e n t i a l l y t h a t f o r the f i s s i o n of D o 

The d i f f i c u l t i e s o f measurement of the neutron f l u x 
i n a l l f a s t neutron i r r a d i a t i o n s are discussed more f u l l y 
i n the i n t r o d u c t i o n to Part I I , which describes a method 
f o r the accurate determination o f the 1*4- MeV neutron 
cross section f o r the r e a c t i o n A l 2 ^ (n, eO N a 2^'« The 
establishment o f one accurate cross-section value o f f e r s 
a ready means o f neutron f l u x monitoring and f o r determining 
other cross-section values by comparative methods* 

- 6 -



PART I 
THE ESTABLISHMENT OF THE MASS/YIELD CURVE FOR THE 
FISSION OF NATURAL URANIUM WITH 1 k . 7 MeV NEUTRONS 

1 , INTRODUCTION 
The net r a t e of production o f a r a d i o a c t i v e isotope 

by f i s B i o n o f a heavy atom follows an exponential law, 
A s a t u r a t i o n a c t i v i t y i s approached a t a r a l e dependent 
on the h a l f - l i f e o f the i s o t o p e , when the r a t e of pro­
ductio n from the f i s s i o n process equals the r a t e of r a d i o ­
a c t i v e decay. The value o f t h i s s a t u r a t i o n a c t i v i t y 
depends on the f i s s i o n y i e l d of the is o t o p e , the neutron 
f l u x , the f i s s i o n cross-section and the mass o f the t a r g e t . 

Due to inaccuracies i n determining the f i s s i o n r a t e , 
i t i s convenient t o c a l c u l a t e f i s s i o n y i e l d s r e l a t i v e t o 
one isotope as u n i t y and hence construct a r e l a t i v e mass/ 
y i e l d curve, which can then be normalised t o a t o t a l 
f i s s i o n y i e l d of 200. I t i s o f t e n both uneconomical and 
imprac t i c a b l e to i r r a d i a t e samples f o r such a time as to 
produce s a t u r a t i o n a c t i v i t i e s f o r a l l isotopes under con­
s i d e r a t i o n and i t i s more convenient t h e r e f o r e to c a l c u l a t e 
the s a t u r a t i o n a c t i v i t y from the l e n g t h o f the i r r a d i a t i o n 
and the a c t i v i t y a t the end o f the i r r a d i a t i o n ( A 0 ) . A Q 

i s determined by e x t r a p o l a t i n g the decay curve back to the 
time a t the end o f the i r r a d i a t i o n ( t = 0 ) o 
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The neutron f l u x from the generator used f o r these 
i r r a d i a t i o n s i s never constant and decreases over the 
l e n g t h of the i r r a d i a t i o n ; c o r r e c t i o n s to the s a t u r a t i o n 
a c t i v i t y c a l c u l a t i o n are t h e r e f o r e necessary,, 

-\t 

A c t i v i t y produced i s p r o p o r t i o n a l to Ie . I i s 
the number o f neutrons emitted per u n i t time a t time ( t ) 
and X i s the decay constant of the isotope producedo 

The a c t i v i t y a t the end of the i r r a d i a t i o n i s the r e f o r e 
f t

 -At 
p r o p o r t i o n a l to J Ie d t , but i t i s more convenient 

«'o 
to use a summation 

+ I r t e ~ ^ 2 + . . I„e~Xtn "2 ^ ...... 
( t ^ , t g etc are c a l c u l a t e d backwards from the end o f the 
i r r a d i a t i o n ) . 

During each i r r a d i a t i o n , the comparative neutron 
count i s recorded at s u i t a b l e i n t e r v a l s of time and the 
summation (S) i s c a r r i e d out f o r each isotope separated 
and counted. The f i s s i o n y i e l d o f a p a r t i c u l a r isotope 
i s t h e r e f o r e p r o p o r t i o n a l to A Q x t^ . and the 
p r o p o r t i o n a l i t y constant i s ^ the same f o r 
a l l isotopes separated from one i r r a d i a t i o n . 

. F i s s i o n Y i e l d ( A ) A O A X t i . A x £ 3 

" * F i s s i o n Y i e l d (B) =
 A q B x t x £ ^ 

On account o f the l a r g e number of isotopes of various 
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h a l f - l i v e s r e q u i r i n g separation and counting, i t i s 
necessary to carry out a number o f i r r a d i a t i o n s varying 
i n l e n g t h from 20 minutes up to a maximum of hs hours« 
The i n d i v i d u a l i r r a d i a t i o n s are compared by c a l c u l a t i n g 

139 / the f i s s i o n y i e l d s r e l a t i v e to Ba ̂ J as u n i t y . (This 
isotope was selected because o f i t s high f i s s i o n y i e l d , 
unambiguous chemical behaviour, ease o f separation, and 
convenient h a l f - l i f e ) . 
2. NaUTRON GEH5RATQR 

The generator consists o f a Cockcroft - Walton type 
voltage quadrupling c i r c u i t capable of producing up to 
300 KVo D.C. p o t e n t i a l , an ion source g i v i n g up to !?00yiAa 
o f deuterons and an a c c e l e r a t i n g tube i n which the high 
voltage i s used to impart a high energy t o the ions. The 
deuteron beam s t r i k e s a t r i t i u m t a r g e t and neutrons are 
emitte d . 

+ * Heij + n j + 1 7 . 6 MeV. 
2.1 Cockcroft - Walton C i r c u i t and Measurement of Voltage 

Power from the mains i s app l i e d to a Variac which 
supplies a P e r r a n t i transformer connected to give up to 
100 KV peak output voltage. 

The quadrupling c i r c u i t (Pig I ) consists of a s t r i n g 
o f four metal r e c t i f i e r s and four 0.03y*F condenserB, two 
o f which (C^ and C^) serve to smooth the output v o l t a g e . 
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2.1 Gontd. 
The high voltage i s measured by means of an o i l - cooled 
measuring r e s i s t a n c e , across a f r a c t i o n of which (=L_ ) 

200 
a voltmeter (V^) i s connected© 
2.2 Ion Source ( P i g . 2) 

The f u n c t i o n of the i o n source i s to produce a stream 
of D + ions f o r a c c e l e r a t i o n by high v o l t a g e 0 

thimble from a heavy water e l e c t r o l y s e r and fed i n t o the 
ion source a t a pressure o f about 10 mms of mercury., 
I o n i s a t i o n i s produced by means o f a high frequency e l e c t -
rodeless discharge, which i s maintained by means of an R.F. 
o s c i l l a t o r g i v i n g approximately 100 watts at about 20 -
30 megacycles. Power i s fed by means o f a coupling loop 
of copper which e n c i r c l e s the i o n source near i t s base and 
i s cooled by an a i r blower. The ion source i s also 
surrounded by a c o i l o f copper tube which together w i t h a 
v a r i a b l e a i r condenser, forms a c i r c u i t which i s tuned 
to resonate w i t h the o s c i l l a t o r . 

Ions are e x t r a c t e d from the discharge through a 
narrow aluminium canal by applying a voltage of a few KV 
between the canal and the tungsten probe at the top o f the 
ion source« 

-10-
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2 o 3 A c c e l e r a t i n g Tube ( F i g . 3 ) 
The a c c e l e r a t i n g tube i s composed o f a series o f three 

a c c e l e r a t i n g gaps. The f i r s t o f these i s a focussing gap 
to which i s applied a v a r i a b l e voltage o f about U-0 KV and 
the voltage from the quadrupling c i r c u i t i s s p l i t e q u a l l y 
between the remaining two gaps. The system i s enclosed i n 
1 2 " Pyrex chemical pipe. - l i n e and i s continuously pumped 
by a 9 " Edwards D i f f u s i o n Pump, backed by an Edwards 
Rotary Pump; a Penning gauge records the pressure i n the 
system ( ^ 1 0 ' ^ mms of mercury pressure). The beam current 
reaching the t a r g e t chamber (unresolved) and the cu r r e n t 
reaching the t a r g e t block (resolved) are recorded. 

2 . 4 Target Chamber ( F i g . k) 
The t a r g e t block i s water - cooled and i s attached 

to a 2 " pipe a t the bottom of the t a r g e t chamber. The 
2 " pipe i s capable o f i s o l a t i o n from the main vacuum 
system f o r changing the t a r g e t by means of a p l a t e held i n 
p o s i t i o n by Sylphon bellows. The t a r g e t c o n s i s t s of 
t r i t i u m absorbed i n t o zirconium metal deposited onto a 
copper backing, which i s secured to the t a r g e t block by 
sol d e r i n g w i t h Wood's metal. 
2 . 5 E s t i m a t i o n o f Neutron Emission 

Since r e l a t i v e neutron emissions only are re q u i r e d 
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2 o 5 Con t do-
f o r c a l c u l a t i o n o f the f i s s i o n y i e l d s , i t i s s u f f i c i e n t 
t o f i x a neutron detector i n the v i c i n i t y o f the t a r g e t 
chamber. An organic phosphor i s used to monitor the 
emission; proton r e c o i l s are counted, through a photo-
m u l t i p l i e r , a m p l i f i e r and s c a l e r , biased to r e j e c t r e c o i l s 
from neutrons o f lower energies (i»e. scattered from the 
w a l l s o f the t a r g e t chamber or from the D + I) re a c t i o n ) * 
C a l i b r a t i o n o f t h i s neutron detector may be c a r r i e d out 
by i r r a d i a t i o n o f a weighed copper disc which i s then 
counted under standard c o n d i t i o n s * 

Some spread of neutron energies a r i s e s from energy 
l o s s of the deuterons i n the t a r g e t thickness and from 
the r a t h e r large angle subtended by the uranium sample 
at the t a r g e t ; the mean e f f e c t i v e neutron energy i s 
estimated at 14.7 MeV w i t h l i m i t s o f Un9 MeV and 1^.5 MeVo 
2.6 Reasons f o r Reduction i n Neutron Emission 

The neutron emission was u s u a l l y 10^ - 1 0 ^ neutrons/ 
second and any red u c t i o n could be a t t r i b u t e d to one or 
more o f the f o l l o w i n g c o n d i t i o n s : -

1. Removal o f t r i t i u m from the t a r g e t by over­
heating or replacement by deuterium from the beame 

2. Deposition o f pump - o i l vapour onto the t a r g e t 
surfacee 

3 . Movement o f the deuteron beam away from the t a r g e t 

-12-



2.6 Contd. 
The l i f e - time o f a t a r g e t was seldom more than 

k hours and throughout t h i s time the neutron emission 
decreased considerably. A record o f the neutron emission 
throughout a t y p i c a l i r r a d i a t i o n i s given i n F i g . 5 « 
3. RADIOCHEMICAL SEPARATIONS 

The decay chains f o r the f i s s i o n products expected 
to he produced from the 1 U . 7 MeV neutron f i s s i o n o f 
n a t u r a l uranium (see Appendix 1 ) were examined,, 

Prom t h i s l i s t , s e l e c t i o n was made o f elements f o r 
chemical separation followed by a counting procedure„ 
The c r i t e r i a f o r t h i s s e l e c t i o n were concerned w i t h 
p r o v i d i n g a source from which absolute d i s i n t e g r a t i o n 
r a t e s could be assessed w i t h confidence* The p r i n c i p a l 
considerations were-:--

1. The element should be capable o f easy and r a p i d 
separation: from a l l other elements. 

2. The isotope should belong to a mass chain having 
a reasonably high expected f i s s i o n y i e l d ( i . e e 

greater than 0.6%, mass w i l l l i e between 83 and 
153). 

3. The isotope should have a h a l f - l i f e i n the range 
20 mins to 3 days. 

k* The isotope should not be produced from a pre­
cursor o f long h a l f - l i f e , , 
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3. Gontd, 
5< The decay o f the isotope should f o l l o w a simple 

^ -emission to an isotope o f very long h a l f -
l i f e or to a stable isotope,, 

6. There should be no other isotopes of s i m i l a r 
h a l f - l i f e (or at l e a s t not more than two) due 
to the d i f f i c u l t y of r e s o l v i n g decay curves. 

On the uabia uf Hie auove c r i t e r i a the f o l l o w i n g 
isotopes were s e l e c t e d i -
B r 8 ^ (31.8min.)' K r 8 \ s ) 
S r 9 1 (9,7hr^ 

Y 9 3 (lO.Ohr.) 
Mo 9 9 (67oOhr.) 

Y 9 1 m(50.3min. ) 
1 (57d) =* Z r 9 1 ( s ) 

Z r 9 3 ( l . 1 x l 0 6 y r - ) 
> T c 9 9 m ( 6 . 0 h r . ) — 

- * N b 9 3 ( d ) 
T c 9 9 ( 2 x l 0 5 y r . ) 

R t 9 9 ( s ) 
R u 1 ° 5 (4.5hr.) * R h

1 0 5 m(lj.5secs.)< •^Rh 1 0 5(36.5hr.) 

A g 1 1 5 (21.1min.)« 

B a 1 3 9 (85min.) 
B a i M (l8min.) 

P"d'"-'(s) 

C d 1 1 5 " 1 ^ ) — ^ I n ^ ^ . S h r . ) 

C d
1 1 5 ( 5 $ h r . ) 4 ^ n

1 1 5 ( 6 x l 0 1 V . ) » L a 1 3 9 ( s ) 
•>La l U l(3.9hr.) 

C e l U 3 (33hr.) > P r l U 3 ( l 3 o 8 d ) 

* Ce 1 4 1(32.5<3) 
P ^ 1 ( s ) 

-> Nd ( s ) 
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3.. Con t do 
Br 8 1*, S r 9 \ Y 9 3 , Mo", E U

1 8 , 5 , A g H 5 ( B a 1 3 9 > B S141 
(or L a 1 ^ 1 ) and C e 1 ^ <bacL quite straightforward decay-
chains with the ̂  -emitting daughters of s u f f i c i e n t l y 
long h a l f l i v e s to give negligible contribution to the 

3̂ - p a r t i c l e counting. The radiochemical separations 
of Ba were delayed 1^ hours to allow i t s precursor 
(h a l f - l i f e 9 - 5 mins) to decay. Similarly Sr" (half -
l i f e 2.7 hr) and L a 1 ^ (half - l i f e Ik mins) were allowed 
to decay before commencing the separations of strontium 
and cerium respectively 0 

Further points, however, were required to complete 
an accurate mass/yield curve and relaxation of the 
r e s t r i c t i o n s permitted the inclusion of the following 
isotopes:-

Zr 9 7(l7»Ohr.) » Nb 9 7 m(60sec.) > Nb 9 7(72min) 

Corrections were applied for the presence of Nb 9 7 m 

and Nb 9 7
0 

P d 1 Q 9 ( l 3 o 5 h r . ) - > A g
1 ° 9 m W . 3 s e c . ) — * A g 1 0 S ( s ) 

P d 1 i 2 ( 2 l h r . ) » Ag 1 1 2(3.i+hr.) > Gd ( s ) 

The decay was followed for a s u f f i c i e n t time to 
exclude the effect of P d 1 1 1 (half - l i f e 5 . 5 hr.) and then 



3. Con t d,, 
109 112 1 1 2 the decay curve resolved i n t o the Pd * and Pd - Ag 

components; the l a t t e r was f u r t h e r corrected f o r the 
112 

presence of Ag o 
Sb 1 2 90;.6hr.) T e 1 2 9 ( 7 2 m i . n ) — > I 1 2 9 ( l o 6 x l 0 7 y r . ) 

Te i a 9(33d) X e 1 2 9 (a) 
129 

The count r a t e was corrected f o r the presence o f Te . 
. 111 _ „. ^ ^131 /r, . , X , „ 1U0 , .„ „ , % 
Ag WoD uaytj;, x \ot-\ a&ysj ana oa u^»o aays; 
were considered possible isotopes f o r separation and 
counting, p r o v i d i n g s u f f i c i e n t l y high count rates were 
obtained., Ag (5»3 h r s . ) was also i n c l u d e d , though a 
c o r r e c t i o n f o r the decay of Ag (l»2min) d i r e c t to 

113 
Cd ^ would have to be a p p l i e d 0 

The procedure adopted f o r the determination o f the 
absolute d i s i n t e g r a t i o n r a t e s of the isotopes was the 
counting o f s o l i d sources separated from the i r r a d i a t e d 
u r a n y l n i t r a t e by chemical methods a f t e r the a d d i t i o n 
o f i n a c t i v e c a r r i e r s . The separation methods were chosen 
f o r speed and e f f e c t i v e decontamination from other elements 
rat h e r than a q u a n t i t a t i v e y i e l d and were mainly such 
t h a t only one separation was c a r r i e d out on each a l i q u o t . 
Hence i t was necessary at the commencement o f the 
separations t o know the exact q u a n t i t y of i n a c t i v e c a r r i e r 
added and to ensure th a t the i n a c t i v e c a r r i e r and the 
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3» Cpiitdo 

r a d i o a c t i v e isotope were present as the same i o n i c 
species. The f i n a l stage i n the separation was the 
p r e c i p i t a t i o n of the element i n such a form t h a t i t could 
be f i l t e r e d r e a d i l y and the exact weight o f the element 
present could be ca l c u l a t e d from the weight o f the pre­
c i p i t a t e . Hence the chemical y i e l d (the r a t i o o f the 
weight of the element i n the f i n a l p r e c i p i t a t e to t h a t 
o r i g i n a l l y present) was determined. 

Rapid and e f f e c t i v e chemical separations were t h e r e f o r i 
r e q u i r e d f o r s i l v e r , barium, s t r o n t i u m , molybdenum, 
ruthenium, y t t r i u m , palladium, i o d i n e , bromine, antimony, 
cerium and zirconiunu 

Due to the ra p i d decay o f many o f the r a d i o a c t i v e 
species i n v o l v e d , i t was seldom possible f o r one person 
to make measurements on more than a few elements at a 
time. To make the best use of the i r r a d i a t e d m a t e r i a l 
Dr. D.J. S i l v e s t e r (Research Student at t h i s Laboratory) 
c a r r i e d out the barium, y t t r i u m , i o d i n e , bromine, antimony 
and zirconium separations* For completeness, a b r i e f 
o u t l i n e o f a l l the separations i s given below and more 
d e t a i l e d d e s c r i p t i o n s o f the author's separations are 
given i n Appendix I I 0 
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3.1 S i l v e r (8) 
S i l v e r c h l o r i d e i s p r e c i p i t a t e d from the s o l u t i o n 

o f i r r a d i a t e d u r a n y l n i t r a t e w i t h h y d r o c h l o r i c a c i d (the 
supernate i s r e t a i n e d f o r barium and s t r o n t i u m separations) 
P u r i f i c a t i o n i s e f f e c t e d by a l t e r n a t e f e r r i c hydroxide 
scavenges, to reduce the l e v e l of general contamination 
and s i l v e r si/lp^id?- p r e c i p i t a t i o n s to remove the halogen 
contamination,. The s i l v e r i s f i n a l l y p r e c i p i t a t e d as 
s i l v e r c h l o r i d e f o r weighing and countingo 
3.2 Barium ( 9 ) 

The supernate from the s i l v e r separation i s evaporated 
to small b u l k and three barium c h l o r i d e p r e c i p i t a t i o n s 
are c a r r i e d out w i t h ice - cold h y d r o c h l o r i c a c i d - ether 
mixtures (the supernate from the f i r s t p r e c i p i t a t i o n i s 
retained f o r s t r o n t i u m s e p a r a t i o n ) . The f i n a l barium 
chl o r i d e p r e c i p i t a t e i s f i l t e r e d and weighed, ready f o r 
counting,, 
3.3 Strontium d o ) 

Strontium n i t r a t e i s p r e c i p i t a t e d w i t h fuming n i t r i c 
a c i d from the supernate from the barium separation. Two 
f e r r i c hydroxide scavenges are c a r r i e d out, f o l l o w e d by 
a f u r t h e r s t r o n t i u m n i t r a t e p r e c i p i t a t i o n . The s t r o n t i u m 
i s f i n a l l y p r e c i p i t a t e d as the oxalate f o r weighing and 
counting,, 
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3<.k Molybdenum ( 1 1 ) 
Molybdenum i s p r e c i p i t a t e d from acid s o l u t i o n 

containing o x a l i c acid ( t o complex the niobium) w i t h an 
a l c o h o l i c s o l u t i o n o f 0(. -benzoinoxime. The p r e c i p i t a t e 
i s dissolved i n a p e r c h l o r i c a c i d - n i t r i c acid mixture 
and two f e r r i c hydroxide scavenges are c a r r i e d out. The 
0( -bensoinoxirae p r e c i p i t a t i o n i s repeated aiid the 
molybdenum i s f i n a l l y p r e c i p i t a t e d as the oxime (12) from 
an acetate b u f f e r e d s o l u t i o n f o r weighing and counting,, 
3.5 Ruthenium (13) 

Ruthenium t e t r o x i d e i s d i s t i l l e d i n t o sodium hydroxide 
s o l u t i o n from the i r r a d i a t e d u r a n y l n i t r a t e s o l u t i o n 
c o n t a i n i n g p e r c h l o r i c a c i d , sodium bismuthate ( t o o x i d i s e 
halogens to t h e i r highest o x i d a t i o n s t a t e ) and phosphoric 
acid ( t o reduce the v o l a t i l i z a t i o n o f molybdenum). The 
ruthenium i s p r e c i p i t a t e d by r e d u c t i o n of the ruthenate to 
lower oxides (RUgO^ and RuO^) w i t h ethanol ( l e a v i n g 
technetium i n s o l u t i o n ) . The ruthenium oxide i s dissolved 
i n h y d r o c h l o r i c acid and f i n a l l y p r e c i p i t a t e d as the metal 
f o r weighing and counting, by r e d u c t i o n w i t h aluminium 
powder. The metal contains a small, but constant amount 
of oxide and the weight i s 6ffr greater than the weight 
obtained by i g n i t i o n i n hydrogen ( 1 3 ) « 
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3 o 6 Y t t r i u m 1 5 ) 
The s o l u t i o n of i r r a d i a t e d uranyl n i t r a t e containing 

I I I 
y t t r i u m , lanthanum, cerium and zirconium c a r r i e r 
s o l u t i o n s i s t r e a t e d w i t h t r i - b u t y l phosphate to remove 
the uranium. H y d r o f l u o r i c a c i d i s added to p r e c i p i t a t e 
the y t t r i u m and the rare e a r t h elements, l e a v i n g the 
zirconium and any r e s i d u a l uranium i n the supernate. The 
f l u o r i d e s are dissolved i n b o r i c a c i d - n i t r i c acid 
s o l u t i o n , r e p r e c i p i t a t e d and r e d i s s o l v e d . The hydroxides 
are p r e c i p i t a t e d leaving any barium and s t r o n t i u m con­
tamination i n s o l u t i o n . The hydroxides are d i s s o l v e d , the 
cerium o x i d i s e d w i t h potassium bromate to the t e t r a v a l e n t 
state and e x t r a c t e d i n t o t r i - b u t y l phosphate ( 2 1 )„ The 
hydroxide p r e c i p i t a t i o n and cerium e x t r a c t i o n are repeated,, 
The rare - earths are removed by two p r e c i p i t a t i o n s o f 
potassium lanthanum carbonate and the y t t r i u m i s f i n a l l y 
p r e c i p i t a t e d as oxalate f o r weighing and counting,, 
3 . 7 Palladium ( 1 6 ) 

Palladium i s p r e c i p i t a t e d from d i l u t e a c i d s o l u t i o n 
w i t h dimethyl glyoxime. P u r i f i c a t i o n from possible 
contaminants (selenium, s i l v e r and zirconium) 1§ e f f e c t e d 
by f e r r i c hydroxide and s i l v e r i o d i d e scavenges. The 
palladium i s f i n a l l y r e p r e c i p i t a t e d as the dimethyl 
glyoxime f o r weighing and counting,, 
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3.8 Iodine (17) 
f 

Interchange of t r a c e r and c a r r i e r iodine and bromine 
i s e f f e c t e d by o x i d a t i o n to periodate and bromate 
r e s p e c t i v e l y w i t h sodium h y p o c h l o r i t e s o l u t i o n . The 
periodate i s reduced by hydroxylamine hydrochloride 
s o l u t i o n to i o d i n e which i s extr a c t e d i n t o carbon t e t r a -
r"*V> ~\ r\Yi "1 r l o w V i i 1 a -KV» o V > n n m i v i r t o r* "W v> *v -? ̂  »-> v» /->»•»•> ̂. - i v-> <•->• -? v» 4- <•-» 

aqueous l a y e r , which i s r e t a i n e d f o r the bromine separation, 
The iodine i s back - extracted as iodide i n t o sodium b i s u l -
p h i t e s o l u t i o n . The e x t r a c t i o n cycle i s repeated using 
n i t r i c acid - sodium n i t r i t e mixture f o r the o x i d a t i o n and 
sodium b i s u l p h i t e f o r the r e d u c t i o n . The iodine i s f i n a l l y 
p r e c i p i t a t e d as s i l v e r iodide f o r weighing and counting. 
3.9 Bromine (18) 

The bromine from the aqueous layer i n the iodine 
separation i s oxidised w i t h potassium permanganate s o l u t i o n 
extracted i n t o carbon t e t r a c h l o r i d e and back - extra c t e d 
i n t o hydroxylamine hydrochloride s o l u t i o n . The e x t r a c t i o n 
cycles are repeated t w i c e , back - e x t r a c t i n g i n t o sodium 
b i s u l p h i t e s o l u t i o n . The bromine i s f i n a l l y p r e c i p i t a t e d 
as s i l v e r bromide f o r weighing and counting. 
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3 . 1 0 Antimony ( 1 9 ) 
Antimony I V, produced by o x i d a t i o n by potassium 

permanganate s o l u t i o n , i s extracted i n t o e t h y l acetate 
as the oxalate - c i t r a t e complex. The e t h y l acetate i s 
removed by evaporation, the residue dissolved i n con­
centrated h y d r o c h l o r i c acid and antimony sulphide pre­
c i p i t a t e d . The sulphide i s dissolved i n concentrated 
h y d r o c h l o r i c a c i d . The antimony i s reduced to the t r i -
v a l e n t state w i t h sulphurous acid and f i n a l l y p r e c i p i t a t e d 
as the p y r o g a l l a t e i n the presence of t a r t r a t e ions 
f o r weighing and counting.. 

3 . 1 1 Cerium ( 2 1 ) 
The cerium i s oxidised to the t e t r a v a l e n t state 

w i t h sodium bismuthate, e x t r a c t e d i n t o t r i - b u t y l 
phosphate and back - e x t r a c t e d i n t o hydroxylamine hydro­
c h l o r i d e s o l u t i o n . Cerium oxalate i s f i n a l l y p r e c i p i t a t e d 
f o r weighing and counting„ 
3 „ 1 2 Zirconium ( 2 2 ) 

Zirconium i s extracted i n t o chloroform as the 
cupferron complex from d i l u t e s u l p h u r i c a c i d solution© 
The chloroform i s evaporated and the residue dissolved 
i n a sulphuric a c i d - n i t r i c acid mixture. The hydroxide 
i s p r e c i p i t a t e d , dissolved i n concentrated h y d r o c h l o r i c 
acid and the zirconium i s f i n a l l y p r e c i p i t a t e d as the 
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3-12 Gonta. 
tetramandelate (23) f o r weighing and counting. Table I 
shows the chemical form of the c a r r i e r s o l u t i o n and of 
the f i n a l p r e c i p i t a t e and the usual q u a n t i t y o f c a r r i e r 
added. 

TABLE (1) 

Chemical Form 
Element I i n c a r r i e r 

s o l u t i o n 
Weight 

of c a r r i e r 
(mg of 

element) 

Chemical form o f 
f i n a l p r e c i p i t a t e 

Br 
Sr 
Y 
Zr 
Mo 

Hu 
Pd 

Ag 
Sb 
I 
Ba 
Ce 

T NaBrO. 

I S r ( N 0 3 ) 2 

Y 2 ( N 0 3 ) 3 

Z r ( N 0 3 ) u 

Mo 0, 

HuCl, j 
PdCl 2 

AgN0 3 

SbCl 3 

K I 
B a ( N 0 3 ) 2 

C e 2 ( N 0 3 ) 3 

9.98 
9.55 
10,0 

U.75 

2U.3 

10.0 
8,08 

9o65 
8.15 
9.60 
9.60 
^.92 

Ag nr 

Sr oxalate 
Y oxalate 

Zr tetramandelate 
Mo 8-hydroxy-

qui n o l a t e 
Ru metal 
Pd dimethy1-

glyoxime 
Ag CI 
Sb p y r o g a l l a t e 
Ag I 
BaCl 2.H 20 
Ce oxalate 
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ko COUNTING PROCEDURE 
ko 1 The j& -Energies of the Isotopes 

The p -energies of the isotopes examined are as 

fo l l o w s (21+)s-

B r 8 3 0.91+MeV 

Br 8 1* U.7MeV(l+0jS), 3«56MeV(9^) 9 2„ 53MeV(l 6$ ) 
1,72MeV(35^5 

S r 9 1 2.67MeV(26#), 2 .03MeV(ltf$) -j.36MeV(29#) 
1.09MeV(33^5, O c62MeV(8$) 

Y 9 3 2.88MeV 
Z r 9 7 1.91MeV 
N D 9 7 1.27MeV 

Mo 9 9 1.l8lfeV ( 8 3 # ) , 0.80MeV(3?0, 0.lHMeV(ll$) 
R u 1 ° 5 1o15MeV 

P d 1 0 9 1.02MeV 

A g 1 1 1 1.0UMeV(91?6), 0.80MeV(l#), 0 .70MeV(8^) 

P d 1 1 2 0.28MeV 
A g 1 1 2 i u 1 M e V ( 2 5 # ) , 3.5MeV(i|.0^), 2.7MeV(20#) 

1.0lfeV(15?0 
A g 1 1 3 2.0MeV 

A g 1 1 5 2.9MeV 

S-b129 1.87MeV 

T e 1 2 9 1.U6MeV(80f0), 1.01MeV(20#) 

I 1 3 1 0„8l5MeV(l?&), 0„6lMeV(86$), Oe335MeV( 1 0 % ) , 
0 8 25MeV(3%) 



Contd. 

B a 1 3 9 2,38MeV ( l5? i ) , 2.23MeV(66?S), 0.82MeV ( l9?S) 

B&^° 1.0MeV(75#), O.UMeV(25fO 
L a 1 ^ 0 2.20MeV(l0#), 1,62MeV( 11$) 1 o 3 6 M e V ( 3 0 $ ) s 

1 o 1 5 M e V ( 2 0 j S ) , 0 086MeV ( l2^5' 0 o 4 2 M e V ( 1 W 

Ba1i<"1 208MeV 

La 1 ^ 1 2 .U3MeV(95?0, 0.9MeV (5#) 

Ce'1*3 1oi+OMeV(37^), 1 .l3MeV(l*0«S), 0 0 7kMeV(5%), 
0 . 5 0 M eV(l2fo) s 0o20MeV(6?$). 

4 o 2 Counting Equipment 
I n the s e l e c t i o n o f the type o f counter f o r use i n 

determining the j £ - a c t i v i t y o f the isotopes separated 
r a d i o c h e m i c a l ] ^ , a t t e n t i o n must be given t o the f o l l o w i n g 
p o i n t s : -

( i ) High geometry., 
( i i ) Long - term s t a b i l i t y (due to the f a c t that 

counting from one run may l a s t over a number o f 
days), 

( i i i ) Low backgrounds 
( i v ) Ease o f ope r a t i o n * 
I t was decided from these conditions to use a Harwell 

2 V p - p r o p o r t i o n a l counter type 1222A ( P i g . 6) i n con­
j u n c t i o n w i t h an H.F, head a m p l i f i e r (type 1008), a main 
a m p l i f i e r (type 1008) and a scaler (type 1 0 0 9 A ) . The 
p o t e n t i a l to the anode was supplied from a power u n i t 
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ko2 Contd. 

(type 20C) and the pulses could be monitored on a cathode 
ray oscilloscope (type 1000). To e l i m i n a t e spurious 
pulses, a 3-stage decoupling c i r c u i t was included i n the 
E.H.T. supply 0 

The counting gas used was i n d u s t r i a l methane p u r i f i e d 
by passing over a heated platinum gauze (500°C) and then 
through an Anhydrone d r i e r . Changes i n the gas flow r a t e 
made l i t t l e d i f f e r e n c e to the counting e f f i c i e n c y and a 
constant r a t e o f about 35 ocs per minute was used. To 
reduce the background count, the counter was surrounded by 
a lead s h i e l d (1.25 inches t h i c k ) . 
4o3 S t a b i l i t y 

The counter was found to e x h i b i t good plateau 
c h a r a c t e r i s t i c s , the l e n g t h of the plateau being about 
3 0 0 v . T y p i c a l values o f counts/min. of a source against 
anode p o t e n t i a l are given i n Table 2, 

-26-



TABLE ( 2 ) 

Anode P o t e n t i a l 
kV 

Counts/min 

2o60 6116 
2,70 7866 
2.80 9321 

2.6ij . 9790 

2 . 8 8 9829 
2.92 10011 

2.96 10112 
3o00 9956 
3.0U 100^6 
3o08 10207 
3 . 1 2 101*1.7 

3.20 10606 
3 . 3 0 11375 

Typ i c a l values of counta/min. o f a phosphorus -
source (E max. = 2 . 3 MeV) against d i s c r i m i n a t o r b i a s 
voltage are given i n Table 3» 
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TABLE : (3 . ) 

j D.BoVo \ Counts/rain, 

5 o 0 | 4 0 5 0 

7 o 5 3 7 1 6 

1 0 . 0 3 5 1 4 

1 2 . 5 i 3 3 4 7 I 

1 5 o 0 ; 3 3 6 5 

2 0 0 0 ! 3 2 6 4 

25.O j 3 2 9 8 

3 0 o 0 ! 3 2 0 7 

4 0 . 0 3 1 5 9 

5 0 . 0 3 1 4 4 

The p -energy o f phosphorus - 3 2 i s about the mean 
of the energies o f the isotopes examined and so a 
discriminate;^', b i a s voltage o f 15«0v. and a counting 
voltage o f 2.96 would be selected from the above two 
tableso 

A number o f 1 minute counts were recorded from a 
source. The mean count r a t e was 8 3 8 4 counts/min. w i t h a 
standard! d e v i a t i o n of + 92 counts/min. which compared 
very w e l l w i t h the t h e o r e t i c a l standard d e v i a t i o n o f + 91 
counts/min. This i n d i c a t e d t h a t the counter was operating 
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k°3 Ca'fltdo 

s a t i s f a c t o r i l y and t h a t no spurious counts were being 

recordedo 
To t e s t the long - term s t a b i l i t y o f the counter, 

f i v e one minute counts were recorded once a day f o r f i v e 
days. The d a i l y mean values were 10116, I002ij., 9 9 7 0 , 

10070 , 9979 counts/min. The maximum spread was j u s t over 
1?i, there was no obvious trend and the ualoulated standard 
d e v i a t i o n (+ 110 counts/min.) was very close to the 
t h e o r e t i c a l standard d e v i a t i o n (+ 100 counts/min 0). 

I t was, t h e r e f o r e , considered t h a t the long - term 
s t a b i l i t y o f the counter was s a t i s f a c t o r y * 
k'k Counter Flushing 

One disadvantage o f t h i s type o f counter was t h a t 
as the source was s i t u a t e d w i t h i n the counting volume, 
a i r was admitted to the counter on replacement of a source 
and had to be flushed out w i t h methane. To reduce the 
volume of a i r admitted on changing sources, a c y l i n d r i c a l 
block of aluminium ( 3 / 1 6 " t h i c k ) was i n s e r t e d i n t o the 
spare t r a y i n the counter. A standard procedure was 
adopted f o r r a p i d source changing. This involved changing 
the source minute), f l u s h i n g a t about 250 ccs per 
minute (1 minute), followed by normal flow ( 3 i minutes); 
by t h i s time, the counter had s e t t l e d down to a steady 
count r a t e . This procedure enabled the large number of 
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sources produced a f t e r an i r r a d i a t i o n t o be counted a t 
such i n t e r v a l s as to enable s a t i s f a c t o r y decay curves 
to be constructed,, 
4 . 5 Counting Corrections 

The absolute d i s i n t e g r a t i o n r a t e o f a source i s given 
by the expressions-
D i s i n t e g r a t i o n r a t e = Count r a t e x E x A x B x S 

E i s the counter f a c t o r . 
A i s the absorption f a c t o r . 
B i s the back - s c a t t e r f a c t o r . 
S i s the s e l f - absorption f a c t o r . 

The counter f a c t o r i s constant i f * 2 ) but the other 
f a c t o r s are dependent on the p -energies of the isotopes 
examinedo 

k.5•1• Back - Scatter and S e l f - Absorption Factors 
Experimental data are a v a i l a b l e ( 2 5 , 2 6 ) on the 

back - scatter and s e l f - absorption f a c t o r s f o r a 
number o f isotopes examined under s i m i l a r c o n d i t i o n s 
of 2 \t counting and the f a c t o r s f o r the remainder 
were deduced from the same data. 
J+.5 .2 . Absorption Factor 

To p r o t e c t the sources during handling and 
counting, they were covered w i t h a layer o f Sellotape 
(one r o l l was reserved s o l e l y f o r t h i s purpose)„ I t 
was not possible to determine the absorption f a c t o r 
f o r a l l isotopes examined by counting the sources 
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k*5<>2° Contdo 

before and a f t e r covering w i t h 3 e l l o t a p e , since a 
number of sources did not decay w i t h a unique h a l f -
l i f e on account o f the presence of shorter or longer 
l i v e d isotopes or a d i s e q u i l i b r i u m between parent and 
daughter a c t i v i t i e s , , I t was decided, t h e r e f o r e , to 
determine the absorption c o e f f i c i e n t of the Sellotape 
and to apply a t h e o r e t i c a l c a l c u l a t i o n to determine 
the absorption f a c t o r to be applied f o r each isotope., 
This f a c t o r would be checked f o r those isotopes fa* 
which a p r a c t i c a l value could be obtained., 

The r e l a t i v e count rates o f an i o d i n e = 131 
source covered by various thicknessesof aluminium f o i l 
and a varying number of l a y e r s o f Sellotape were 
determined. I t i s seen from the r e s u l t s ( F i g . 7) 
th a t the equivalent thickness-, .of one la y e r of 
Sellotape i s 10.26 mg, aluminium/cm „ 

The absorption o f jS - r a d i a t i o n may be a p p r o x i ­
mately represented by:-

I 
I t r a n s m i t t e d r a d i a t i o n 9 

i n c i d e n t r a d i a t i o n . 

r 
d 

absorption c o e f f i c i e n t (cm /mg) 
2 

absorber thickness (mg/c m )• 
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FIQ. 7 
RELATIVE ABSORPTION CURVE FOR SELLOTAPE AND ALUMINIUM 

\ 
\ 1 l a y e r o f S e l l o t a p e i s 

o; 10.26 mg A l / c m e q u i v a l e n t t 

Log 

c. p.m 

2 

5 <J0 Layers of SelLotn* 
50 100 mg AJ/om2 



k*5°2> Contd, 
I f Dj i s the absorption h a l f - thickness, t h i s 

2" 
may be r e w r i t t e n 

I 0 0 . 6 
e 

I * 
Curie et a l ( 2 7 ) have suggested an e m p i r i c a l 

r e l a t i o n whip UB tWeeii h a l f - Lixiukixeaa tuiu ^3 —(sxxurgy 

of the forms-
2 

(E = E max. i n MeVj i n mg/cm ) 
Since t h i s equation i s a p p l i c a b l e to i n c i d e n t 

r a d i a t i o n passing almost normally through the 
absorber, a c o r r e c t i o n must be applied f o r the 
1$ - p a r t i c l e s e n t e r i n g the Sellotape through a s o l i d 
angle of 2TT. 

I f 0 i s the angle o f incidence, the f r a c t i o n 
of p a r t i c l e s emerging (F) i s given by 

I s i n 9 e~A d s e c B

 d 0 
J o 

J"* s i n 9 d9 
Values of t h i s i n t e g r a l have been tabulated ( 2 8 ) 

and are shown g r a p h i c a l l y i n Fi g . 8 0 

Values o f absorption f a c t o r s f o r v a r y i n g E max 
values were cal c u l a t e d and are shown i n Table k and 
F i g , 9 . 
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FIQ. 8 
CTIONAL TRANSMISSION g v M & FRACTI 

1oO 

0 . 7 5 

0 . 5 

0 . 2 5 

d 



1 
E max 
MeV 

E ma* 1' 1* D i 
mg/ctrt2 ( 0 . 6 9 3 x 1 0 . 2 6 ) 

F ( 2 8 ) , Absorption 
Factor 

Di 
2 

(A) 

0 . 2 0 8 1 6 0 6J.LO I a .1 1 w 
f\ * r\ S~ 1— 
<-/o 1 4 0 3 7 . 9 1 

0 . 2 5 0 .196 7*84 0 .907 0 .1706 5 » 8 6 

0 o 3 0 . 2 5 4 1 0 . 1 6 0 .700 0 . 2 3 5 4 . 2 6 

0 . 4 0 . 3 5 2 1 4 . 0 8 0 .505 0 . 3 2 4 , 3 . 09 

0*5 0 . 4 5 4 1 8 . 1 6 0 .392 0 .395 2 . 5 3 

0 .75 0 .722 2 8 . 8 8 0 . 2 4 6 0 ,522 1.92 

1 . 0 1.00 4 0 . 0 0 .178 0 . 6 0 2 ! 1.66 
i 

1 . 5 1.61 6 4 . 4 0 . 1 1 0 0 .705 I 1 . 42 

2 . 0 2 . 2 1 88.1+ 0 . 0 8 0 0 ,761 | 1 . 3 1 

3 . 0 3.50 1 4 0 . 0 0o051 0 . 8 2 5 | 1o21 

4 . 0 4 . 8 5 1 9 4 . 0 0 .037 0 . 8 6 2 1.16 

5.0 6.27 
L. 

2 5 1 o 0 0 . 0 2 8 0 .888 1 . 1 3 

From F i g . 9 , the absorption f a c t o r s are c a l c u l a t e d f o r 

1 J , Mo , S r 7 and Ba J y f o r which p r a c t i c a l values had been 
obtained (Table 5 ) . 
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FRACTIONAL TRAirSITSSTCW P v 0 E 

0.25 

1.0 3 .0 

E 
max 



TABLE ( 5 ) 

Isotope E max Proportion 
(a) 

F F x a Weighted 
F 

Absorption 
Factor 

3-131 0 0 8 1 5 
0 . 6 1 0 
0 . 3 3 5 
0 .250 

0.01 
0 .86 
0 .10 
0 .03 

0 . 5 5 0 
0 . 4 6 5 
0 . 2 6 5 
0.171 

0.006 
0 .400 ' 
0 .027 
0 ,005 

0 .438 2.28 

Mo" 
1.18 ; 
0 o 8 0 
0 . 4 1 

0 .83 
0 .03 
0.14 

0 .650 
0 . 5 4 0 
0 , 3 5 0 

0 .539 
0 .016 
n.nj.Q 

0 . 6 0 4 1066 

91 
2.67 
2 .03 ; 
1.36 ; 
1.09 
O e62 

0 .26 
0 . 0 4 
0 .29 
0 .33 
0 .08 

; 0 . 8 1 0 
1 0 . 7 6 5 
0.680 
0 .630 
i 0 . 4 5 5 

0 .211 
0 .031 

| 0.197 
0.208 

; 0 .036 

O.683 1.46 

i' 
I 

Ba 1 3? 
! 
2 . 3 8 
2 .23 
0 . 8 2 

0 . 1 5 
0 . 6 6 
0 .19 

0 .790 
10.780 
0 .550 

0 .119 
; 0 . 5 0 4 
i 0 . 1 0 5 

0.728 

The experimental values f o r the f r a c t i o n a l transmission 
(F) are compared w i t h the c a l c u l a t e d values i n Table 6 . 

TABLE ( 6 ) 

Isotope Experimental 
F 

Calculated 
F 

Calculated 
Experimental 

3-131 0.634 0.438 0.690 
Mo" 0 . 752 | 0.604 0.802 
S r 9 i 0.823 0.683 0.830 

\ 

; B a 1 3 9 0 .840 0.728 1 
0.865 | 

i! 
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l + „ 5 ° 2 o Qontd. 

I t i s seen i n Table 6 that c a l c u l a t i o n of the 

absorption f a c t o r does not agree w i t h the experimental 

f a c t o r and that the lower the energy the l a r g e r i s the 

discrepancy o T h i s may be due to the f a c t that absorption 

the s o f t e s t p a r t i c l e s are l e s s r e a d i l y absorbed than 

theory would suggesto A plot of the c a l c u l a t e d v a l u e s 

a g a i n s t the experimental v a l u e s g i v e s a smooth curve 

(one of the p o i n t s being a h y p o t h e t i c a l |3 -emitter with 

an absorption f a c t o r of u n i t y both c a l c u l a t e d and ex­

perimental )o From t h i s curve ( F i g . 1 0 ) , i t i s p o s s i b l e 

to c o r r e c t a l l the c a l c u l a t e d absorption f a c t o r s to a more 

accurate v a l u e . The absorption f a c t o r s for a l l the 

isotopes examined have been c a l c u l a t e d and are l i s t e d i n 

Table 7. 

of p - p a r t i c l e s i s not s t r i c t l y exponential and t h a t 
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koS E q u i l i b r i u m Corrections 
Corrections f o r t r a n s i e n t and secular e q u i l i b r i u m 

c o n d i t i o n s ( s e c t i o n 3) must be applied as f o l l o w s s -
I n the decay chain A ~ = — ^ 3 ™ — > C, the number 

X A A B 
o f atoms o f B present at time t i s given by 

" X B " X A 

The r e l a t i v e c o n t r i b u t i o n s to the d i s i n t e g r a t i o n r a t e 
by parent and daughter are thus given by 

R e l a t i v e c o n t r i b u t i o n o f parent (A) _ ^A^A 
Rel a t i v e c o n t r i b u t i o n of daughter (B) ~ N I X T 

a d 

f o r t >> 1/A B t h i s equals X B - X A 

The c o r r e c t i o n s must be applied to the f o l l o w i n g decay 
chainss-

Z r 9 7 ( l 7 . 0 h r . ) > Nb 9 7(72min.) 
P d 1 1 2 ( 2 1 h r . ) > A g 1 1 2 ( 3 . t o . ) 
S b 1 2 9 ( ^ . 6 h r . ) * T e 1 2 9 ( 7 2 m i n . ) 
Ba l U°(l2.8day) » La l U°(UOhr.) 

Table 8 shows the r e l a t i v e c o n t r i b u t i o n s to count 

r a t e 9 

-39-



Chain 
A - B 

K 
h r ~ 1 

*B 
h r - 1 

* B - \ 
*B " 

% from 
A 

% from 
B 

Z r 9 7 - N b 9 7 
0 o 0 U 0 7 0 . 5 7 8 0 . 9 2 8 1+8.1 5 1 o 9 

P d 1 1 2 - A g 1 1 2 0 . 0 3 3 0 0 . 2 0 i | . 0 . 8 3 7 4 5 . 5 5 U o 5 

A n o 

Sb'* 7 - T e 1 2 9 
O 0 I 6 5 0 . 5 7 8 0 . 7 1 5 s 5 2 . 3 4 7 . 7 

Ba 1^ 0 - La 1 h 0 
0 o 0 0 2 2 6 O 0 O 1 7 2 0 . 8 6 6 U 6 . i + 5 3 . 6 

5 5 Only 6 U ? b o f the S b 1 2 9 decays to T e 1 2 9 , hence 0 0 7 1 5 

becomes 0 . 7 1 ^ i . e . 1 . 1 1 5 
0 T 6 4 

Since a number o f conversion e l e c t r o n s are emitted i n the 
case of Ba 1^ 0 - La 1** 0, i t i s not possible to use the above 
c a l c u l a t i o n . S i l v e s t e r ( 2 9 ) has determined experimentally the 
growth curve o f Ba^^ - L a ^ ^ and found a f a c t o r o f 2.60 betweer 
the extrapolated a c t i v i t y and the i n i t i a l Ba^^ a c t i v i t y . This 
f a c t o r w i l l be used i n the c a l c u l a t i o n o f the absolute Ba^^ 
a c t i v i t y . 

139 
I n the case of Ba , a c o r r e c t i o n i s necessary due to the 

s i g n i f i c a n t h a l f - l i f e o f i t s precursor Cs 1^ 9 ( 9 . 5 min.). The 
«™ A similar correction c o r r e c t i o n f a c t o r i s 8 5 - 9 . 5 i . e . 0 , 8 8 8 . . .. , . n * Ac I S app»ea \o Or . 

° J A A O 112 
The weighted c o r r e c t i o n P (Table 7 ) f o r Pd - Ag i s 

O.i+ 5 5 x 0 . 1 6 0 + 0 . 5 2 4 . 5 x 0 . 8 0 8 i . e . O . 5 1 3 , g i v i n g an absorption 
f a c t o r o f 1 , k k . 

- 2 + 0 -



5 . E X P E R I M E N T A L D E T A I L S AND R E S U L T S 

5 . 1 Procedure 
Uranyl n i t r a t e hexahydrate c r y s t a l s were ground up 

i n a pe s t l e and mortar, wrapped i n an envelope o f f i l t e r -
paper and sealed w i t h S e l l o t a p e . The exact weight o f 
uranium to be i r r a d i a t e d was not required to be known, but 
the q u a n t i t y depended on the number of isotopes to be 
separated and i t was usual to allow about 5 g » u r a n y l n i t r a t e 
hexahydrate f o r each separation. The envelope was attached 
to the bottom o f the t a r g e t chamber ( P i g . k) w i t h S e l l o t a p e j 
the neutron generator was prepared f o r i r r a d i a t i o n and the 
i r r a d i a t i o n was commenced. The neutron count was recorded 
every 5 or 1 0 minutes according to the l e n g t h of the 
i r r a d i a t i o n * 

At the end of the i r r a d i a t i o n , the sample o f u r a n y l 
n i t r a t e was allowed to "cool" f o r 1 - 5 minutes, removed 
from the t a r g e t chamber and dissolved i n 0,1M n i t r i c a c i d 
w i t h appropriate c a r r i e r s o l u t i o n s to give a s o l u t i o n 
c o n t a i n i n g approximately 2 5 0 mg U/ml, 

Portions of the s o l u t i o n were removed f o r radiochemical 
separations (Section 3 ) » The f i n a l p r e c i p i t a t e s were 
c o l l e c t e d i n a perspex f i l t e r s t i c k ( P i g . 1 1 ) onto weighed 
f i l t e r paper d i s c s , which had been washed and d r i e d under 
the same conditions as i n the separation procedure. The 
weighing o f the f i l t e r paper discs was always c a r r i e d out 
i n a glass weighing b o t t l e to avoid p i c k - up o f moisture, 
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5 . 1 Contd. 
The f i l t e r paper discs c o n t a i n i n g the f i n a l precipitates 

were covered on both sides w i t h Sellotape f o r ease of 
handling and to avoid loss o f p r e c i p i t a t e . , The sources 
were counted under standard c o n d i t i o n s (Section k), u n t i l 
a s u f f i c i e n t number of points on the decay curve had been 
obtained to determine the a c t i v i t y o f the p a r t i c u l a r 
isotope at the end o f i r r a d i a t i o n ( A n ) . The decay curves 
were good s t r a i g h t l i n e s or could be resolved i n t o good 
s t r a i g h t l i n e s w i t h the h a l f - l i v e s agreeing w i t h 
published values (2k), w i t h the exception o f P d 1 0 9 - P d 1 1 2

0 

This curve (a t y p i c a l p l o t i s shown i n F i g 6 12) could not 
be resolved i n the normal way due to the s i m i l a r i t y of 
the two h a l f - l i v e s ( 1 3 « 5 hrs and 21 h r s ) 0 

-A. t - A 2 t 
= A^e + A 2e 

Where A^ = T o t a l a c t i v i t y a t time t . 
A^Ag = A c t i v i t y of species 1, 2 at time t = 0 o 

A.^ ~ Decay constants o f species 1, 2. 
This equation may be r e w r i t t e n s -A ^ - ( A 2 - A ^ ) t 

A^e = A,j + A 2e 
A i t - ( A 2 - A ) t 

A graph of A te against e w i l l give 
an i n t e r c e p t of A^ and a gradient o f Ag. Resolution 
o f P d 1 0 9 

F i g . 13o 

109 112 
of Pd - Pd decay curve i n t h i s way i s shown i n 
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P f l D E C A Y C U R V E 

0 1 0 0 0 2 0 0 0 3 0 0 0 4 0 0 0 5 0 0 0 

Time i n minutes 



/ 1800 

1 6 0 0 

1 4 0 0 
1 o 0 6 x 1 0 

1 

1 o 1 3 x 1 0 

1 2 0 0 

1 0 0 0 
1 s I 

0 o 1 0 . 6 



5o2 Results 
A number of p r e l i m i n a r y i r r a d i a t i o n s were c a r r i e d 

out t o assess the count r a t e s to be expected from various 
isotopes, the e f f i c i e n c y of the radiochemical separations, 
the counting procedures and the approximate f i s s i o n y i e l d s 8 

These p r e l i m i n a r y runs w i l l n ot, t h e r e f o r e , be discussed, 
nor w i l l these which f o r a v a r i e t y o f reasons were not 
successfulo 

The d e t a i l s o f the successful i r r a d i a t i o n s are given 
i n Table 3, 
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6. DlSUUSSluJN 

The mean r e l a t i v e f i s s i o n y i e l a s t,TaDie 10) were 
p l o t t e a a g a i n s t mass numoer ana tne curve normaiisea to 
100% i n each pealc.„ I n arawing t h i s curve, complementary 
("mirror - image") p o i n t s were p i o t t e a u s i n g a v a l u e f o r 
the mean numoer of seconaary neutrons per n s s i o n ( V ) or 
4 v e t o Oumnghame (3 0 ) , P l e r o v ana Tamanov ( 3 1 ) , F i e r o v 
ana T a l y s i n (32' ana B i l i a n a (33) ) e . A v a l u e or 3 or 5 
wouia c e r t a i n l y give a poorer f i t e s p e c i a l l y i n the steeper 
p a r t s of the curve which, aithougn they c o n t r i b u t e 
r e l a t i v e l y l i t t l e to tne t o t a l y i e i a , are v e r y s e n s i t i v e 
to tne va l u e chosen r o r V 0 a normal i s i n g f a c t o r of 4„ bO 
was ootainea ana the r e s u l t s f o r tne normaiisea f i s s i o n 
y i e l a s are seen m Table 10 ana F i g . 14. The sources of 
e r r o r i n f i s s i o n y i e i a measurements ana t h e i r s i g n i f i c a n c e 
are a i s c u s s e d i n Appenaix I I I . 

Two f u r t h e r p o i n t s (133 ana 13b) were oDtainea oy 

S i l v e s t e r (29) by gas - counting the xenon members of the 

aecay c h a i n ana tnese are mcluaedo 

-to 3-



TABL3 (iO ) 
F i s s i o n Y i e l d Results 

Mass Number Fi s s i o n Y i e l d 
R e l a t i v e to 

B a 1 3 9 

Normalised 
F i s s i o n Y i e l d 

% 

83 0 , 117 + 0,007 0.56 + 0.03 

84 0.235" + 0.006 1.1-3 + 0.03 

91 0.94 + 0.11 4 . 49 + 0.53 

93 0o92 + 0.024 4.42 + 0„12 

! 9 7 1 .18 + 0.07 5.66 + 0.34 

99 1 .34 + 0.07 6.43 + 0°3h 

105 0.411 + 0.027 1.97 + 0,13 ; 
1 

109 ; 0 .248 + 0 .031 1 ,19 + 0.15, 

111 0 .238 + 0.024 1,14 + o . i 2 ; 

! 112 0.172 + 0.024 0 . 82 + 0.12 j 

i 1 1 3 ( s ) 0 .182 + 0 .013 0,87 + 0 . 0 6 

\ 115 0 .138 + 0.021 
• i -

0.66 + 0.10 

{ 129 j 0.240 + 0.003 
i -

1.15 + 0.01 

J 131 1.01 + 0.056 > 

I 
4.85 + 0.27 

J 139 i 1.00 
| 

4 .80 

| 140 •• O0863 + 
'i 

0.029 
! 
'• 

4.15 + 0„14 

[ 143 0 0 7 f l 7 + 0.150 3.4<? + 0.74 

| 133 '• S 1 .061 + 0.016 6 .95 + 0.51 

• 135 ii *0.877 + 0.004 
» 

5.74 + 0.42 

H Y i e l d s r e l a t i v e to Mo9? 
(H) Since the branching r a t i o of A g ^ l 3 m was not determined 

and no i n f o r m a t i o n was a v a i l a b l e i n the l i t e r a t u r e t h i s 
f i s s i o n y i e l d represents a minimum v a l u e c 
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Also included i n Pig. J\k are the r e s u l t s of 
Cuninghame (30) which are i n close agreement except f o r 

99 
Wo (5.58 + 0.28), which was the only p o i n t i n the peak 
regions (95 - 105 and 130 - 11+0). Much of Cuninghame*s 
r e s u l t s are i n the region 1M) to 156 and so may be con­
sidered to a large extent as complementary to t h i s worko 

The f o l l o w i n g parameters are deduced from the mass -
y i e l d curves-

Peak to trough r a t i o 10 
P o s i t i o n o f peaks 99 and 136 mass u n i t s 
Y i e l d a t peak 6.5% 

The peak to trough r a t i o i s r a t h e r higher than t h a t 
deduced by Cuninghame (9*1) though t h i s d i f f e r e n c e depends 

99 
almost e n t i r e l y on the values obtained from Mo . 

I t i s possible t h a t the f i s s i o n y i e l d values obtained 
by S i l v e s t e r (29) f o r the two masses 133 and 135 may be 
less r e l i a b l e , but the r e l a t i v e y i e l d s depend s o l e l y on 
the analysis of the decay curve f o r the xenon sample. I t 
i s reasonable to assume t h a t in. a gas - counting system 
the e f f i c i e n c i e s f o r the two jft - e m i t t i n g nuclides would 
be i d e n t i c a l and t h a t the r e l a t i v e values are c o r r e c t ; 
t h i s c o n s t i t u t e s some evidence f o r f i n e s t r u c t u r e i n the 
y i e l d curve at t h i s p o i n t . 
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There i s ample evidence f o r s i m i l a r f i n e s t r u c t u r e 
i n t h i s r e g i o n i n f i s s i o n a t lower energies ( 3 4 ) . At 
14 MeV, Wahl (35) has reported y i e l d s of i o d i n e isotopes 

235 
from U f i s s i o n , but when corrected by adding a con­
t r i b u t i o n from the d i r e c t formation o f chain members below 
i o d i n e , the t o t a l y i e l d s do not appear to show any f i n e 
s t r u c t u r e i n t h i s region,, Richter and C n r y e l l ( 3 6 ) , on 

the other hand, found evidence f o r a su b s i d i a r y peak, at 
238 

mass 133 i n the p h o t o f i s s i o n o f U ^ , induced by x-rays 
of 9-14 MeV. I t i s c e r t a i n t h a t t h i s i s a p o i n t which w i l l 
bear f u r t h e r i n v e s t i g a t i o n and i t may be observed t h a t 
measurements o f the xenon members o f the chain, although 
i n some respects more d i f f i c u l t , have the advantage t h a t 
the c o r r e c t i o n needed on account o f d i r e c t formation o f 
lower members i s much smaller than i n the case of iodineo 
This c o r r e c t i o n i s e s p e c i a l l y hazardous i n the immediate 
neighbourhood o f closed s h e l l s , as i n t h i s case. 

I t i s thought p o s s i b l e t h a t i n h i g h energy f i s s i o n 
there i s a lessening of the inf l u e n c e o f the closed s h e l l s 
on the a c t u a l mode o f f i s s i o n and t h a t t h i s r e s u l t s i n a 
greater chance of symmetrical f i s s i o n . I f t h i s i s the 
case, i t i s possible t h a t the observed f i n e s t r u c t u r e i s 
due to the emission o f delayed neutrons from c e r t a i n heavy 
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fragments a f t e r the a c t u a l f i s s i o n event has taken p l a c e 0 

Since no experimental p o i n t s l i e i n the region between 
mass 99 and 105, i t i s not possible t o confirm whether or 
not f i n e s t r u c t u r e i s also present i n the l i g h t peako I t 
i s suggested, however, t h a t examination o f the f i s s i o n 
y i e l d s i n t h i s region could prove f r u i t f u l . 

I t can be concluded t h a t t h i s work shows t h a t the 
mass - y i e l d curve f o r the f i s s i o n o f w i t h 1 4 . 7 MeV" 
neutrons f o l l o w s the general p a t t e r n o f such curves© 
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PART I I 
A NSW METHOD FOR THE DETERMINATION OF THS GROSS SECTION 
FOR THE REACTION A l * ' Cn„OC) FOR 14 MeV NEUTRONS 

1. INTRODUCTION 
A c t i v a t i o n methods f o r the measurement o f nuclear r e a c t i o n 

cross - sections r e q u i r e a knowledge of the absolute f l u x o f 
bombarding p a r t i c l e s . I n the case o f f a s t neutron induced 
r e a c t i o n s , the "good geometry" con d i t i o n i m p l i c i t i n most 
methods of absolute f l u x measurement i s f r e q u e n t l y incompatible 
w i t h the production of a neutron i n t e n s i t y adequate f o r the 
measurement of the smaller cross - section values. I n these 
circumstances, i t i s convenient to make measurements by 
comparison w i t h a c t i v i t i e s induced i n some reference substance 
f o r which the r e a c t i o n cross - section i s already known. 

27 
Reactions f r e q u e n t l y chosen f o r t h i s purpose are A l 

(n,oC)Na 2 i | and F e ^ (n,p)Mn^. The c r i t e r i a governing the 
s e l e c t i o n o f an element s u i t a b l e f o r monitoring 14 MeV neutron 
i r r a d i a t i o n s a r e : -

(a) induced a c t i v i t y has convenient h a l f - l i f e and 
24 

r a d i a t i o n c h a r a c t e r i s t i c s (Na , h a l f - l i f e 15»0 hrs 
j5 - energy 1.39 MeVj Mn 5 6, h a l f - l i f e 2.58 h r s , 
| 3 -energies 2.86 MeV {60%), 1.04 MeV (25%), 0,75 MeV 
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(b) cross - section values large enough f o r easy 
measurement of induced a c t i v i t y . 

( c ) e f f e c t i v e l y only one induced a c t i v i t y ( a l l others 
must be e i t h e r very short or very long l i v e d ) , 

(d) easy a v a i l a b i l i t y of t a r g e t m a t e r i a l i n adequate state 
o f p u r i t y . 

An e s s e n t i a l part o f t h i s procedure i s the establishment 
of an ab s o l u t e l y known cross - s e c t i o n and t h i s work describes 

27 2it 
the determination o f the A l (n,OC)Na cross - s e c t i o n by a 
v a r i a t i o n o f the associated p a r t i c l e methodo 

One o f the main d i f f i c u l t i e s of t h i s technique, as normally 
used w i t h the H^(d,n)He^ r e a c t i o n i s the large discrepancy 
between the neutron f l u x needed to induce r e a d i l y measurable 
a c t i v i t i e s and the OC - p a r t i c l e f l u x convenient f o r measurement 
by p r o p o r t i o n a l counting or other conventional methods. This 
i s u s u a l l y resolved by accepting o C - p a r t i c l e s from only a very 
small s o l i d angle, but the o v e r a l l r e s u l t i s , o f course, very 
s e n s i t i v e to the exact basis o f measurement o f t h i s parameter* 
I n t h i s work, samples o f aluminium are exposed to neutrons from 
the D + T r e a c t i o n and the e C - p a r t i c l e s , c o l l e c t e d simultaneous!; 
from the t a r g e t over the i d e n t i c a l s o l i d angle, are measured 
i n terms o f the volume of helium found on d i s s o l v i n g the 
"catcher" f o i l i n which they have been brought to reste 
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Neutrons, ©C - p a r t i c l e s and He = p a r t i c l e s (from the 
D + D r e a c t i o n which i n e v i t a b l y f o l l o w s the b u i l d - up o f 
deuterium i n the t a r g e t ) are in t e r c e p t e d from the s o l i d t a r g e t 
by a stack o f three t h i n f o i l s . The f r o n t f o i l i s very t h i n 
( i . 5 mg/cm ) and i t s f u n c t i o n i s to stop the le s s energetic 
He^ p a r t i c l e s . The more energetic O C - p a r t i c l e s from the D + T 
r e a c t i o n are brought to r e s t i n the second f o i l ("W trig/cm"") 
and the t h i r d f o i l i s subsequently dissolved f o r the absolute 
measurement o f the Na induced a c t i v i t y i n a l i q u i d counter 
p r e v i o u s l y c a l i b r a t e d against k TT counting* 

Neutrons and oC - p a r t i c l e s e n t e r i n g the same s o l i d angle 
cannot be "associated", but at the low bombarding energies used 
i n t h i s work (Ed *w |20 keV), the d i f f e r e n t i a l y i e l d o f the 
D + T r e a c t i o n as a f u n c t i o n of angle i s w e l l known and the 
c a l c u l a t i o n presents l i t t l e d i f f i c u l t y 0 Against t h i s s l i g h t 
disadvantage must be set the f a c t t h a t the s o l i d angles 
subtended by the f o i l s at the t a r g e t are v i r t u a l l y the same 
and the r e s u l t i s thus r a t h e r i n s e n s i t i v e to e r r o r s i n measur­
ing distances and to movement of the deuteron beam durin g the 
course o f the i r r a d i a t i o n , , Furthermore, since both neutrons 
and OC-particles are inte r c e p t e d on the same side o f the t a r g e t 
e r r o r s due t o lack o f precise knowledge o f the e f f e c t i v e 
deuteron energy tend t o cancel r a t h e r than r e i n f o r c e . 
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2„ IRRADIATION EQUIPMENT 
The same neutron generator was used f o r the i r r a d i a t i o n s 

as th a t described i n Part I , but w i t h a modified t a r g e t 
s ection ( F i g . 15)» I t consisted of an ac c u r a t e l y made support 
f o r the three aluminium f o i l s f i x e d i n p o s i t i o n above a r a i s e d 
t a r g e t . A s h u t t e r , operated by means o f magnet, enabled the 
beam t o be focussed f a i r l y accurately before commencement of 
an i r r a d i a t i o n 0 The exact dimensions o f the f o i l s r e l a t i v e 
to the t a r g e t were measured 0 The mean neutron energy was 
estimated at 13<>5 MeV. 
3e SEPARATION AND MEASUREMENT OF HELIUM 

3.1 The Helium Measuring Apparatus 
The separation o f helium from other gases and i t s 

subsequent measurement have been the subject o f a number 
of papers (37 , 38, 39, 4 0 ) 0 The present helium apparatus 
owes much to the work of G-luckauf i n the e a r l y 1940's 
who i n h i s paper (39) describes the theory, s e l e c t i o n o f 
optimum c o n d i t i o n s and design of apparatus f o r the micro­
analysis o f the helium and neon contents o f air« M o d i f i ­
cations and refinements have obviously been c a r r i e d out 
over the l a s t 20 years and the apparatus used i n these 
experiments r e s u l t e d from a design by Chackett (40) w i t h 
l a t e r m o d i f i c a t i o n s by H a l l (41 )•> 
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MODIFIED TARGET SECTION 
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3«1 Gontdo 

The measuring apparatus was constructed from soda 
glass since t h i s i s less permeable to atmospheric helium 
than Pyrex, the only exceptions being the P i r a n i gauges 
and the vacuum jacket o f the palladium furnace used to 
remove traces of hydrogen* Care was taken to ensure t h a t 
a l l tap keys were also made from soda g l a s s , since i t i s 
usual f o r some manufacturers t o construct the tap b a r r e l 
i n soda glass and the key i n Pyrex. 

The measuring apparatus ( F i g . 16) may be divided int. 
three s e c t i o n s j -

(a) C i r c u l a t i n g system, 
(b) F r a c t i o n a t i o n column 0 

( c ) Measuring system. 

The c i r c u l a t i o n system ( F i g . 17) i s required to 
remove hydrogen from the gas mixtures ( t h i s w i t h helium 
and neon are the only gases not completely absorbed onto 
charcoal at -195«8°C), The gases f o r separation, w i t h 
oxygen c a r r i e r gas, are pumped slowly round a closed 
c i r c u i t over a heated palladium wire to convent hydrogen 
to water, which i s subsequently removed i n t h e ' l i q u i d 
n i t r o g e n t r a p . The gases are f i n a l l y absorbed onto the 
charcoal t r a p cooled i n l i q u i d n i t r o g e n 0 
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3.1 Contdo 
The f r a c t i o n a t i o n column (Pig. 18) i s composed of 

a series of f i f t e e n adsorption u n i t s each c o n s i s t i n g of 
a bulb containing a q u a n t i t y o f s o l i d adsorbent ( c h a r c o a l ) 
connected to a glass bulb o f known volume. 

I f S i s the q u a n t i t y o f adsorbent, V i s the volume 
i n contact w i t h the adsorbent and 0( and |3 are the 
respective adsorption c o e f f i c i e n t s of the two gases ( i . e . 
helium and neon) i n the adsorbent, then the d i s t r i b u t i o n 
f a c t o r s o f the two gases may be w r i t t e n 

a = 1 , b - 1 
1 + <X( S/V) 1 + p ( s / v ) 

0(and p depend only on the temperature, hence 
having selected the adsorbent and the lowest convenient 
temperature, the e f f i c i e n c y of separation of the two 

q 
gases depends s o l e l y on the choice of the r a t i o /V. For 
the best separation ( i . e . when a maximum p r o p o r t i o n of 
one o f the substances would have to be t r a n s f e r r e d to the 
other phase i n order to produce equal r a t i o s of the two 
gases i n both phases), a - b should be a maximum, thus 

]2J d(a 
d (S A ) 

or a + b 1 

the s o l u t i o n o f which i s 
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3.1 Contdo 

Estimation of the adsorption c o e f f i c i e n t s can 
t h e r e f o r e give the optimum value o f /V. 1 g. o f hard 
nut charcoal cooled i n l i q u i d n i t r o g e n w i l l take up 
10o6C.C. o f helium (eCs) and 117 c.c 0 o f neon (^S) as 
measured at 760 mm Hg pressure and 20°C (39) 

. . V = y ( * S p S ) = J 10,6 x 117 = 35.2 c.c. 

The gas spaces i n the apparatus are smaller than 
t h i s (approximately 30 c.c.) and the d i s t r i b u t i o n f a c t o r s 
had average values o f a = Oolk and b = 0.20. The theory 
o f f e r s formulae f o r the c a l c u l a t i o n of the optimum 
number of adsorption u n i t s and the number o f f r a c t i o n a t i o n ! 
( o p e r a t i o n s ) required f o r the best separation of helium 
and neon, but i t i s b e t t e r to use these values as a guide 
and having selected the number of adsorption u n i t s , the 
number of operations may be determined experimentally 
(see section 3,3)« 

Before s t a r t i n g a separation, the whole column i s 
thoroughly degassed by pumping w i t h the charcoal bulbs 
held a t 250°C, The mercury i s rai s e d i n the f r o n t and 
back p o r t i o n s o f the column ( P i g . 18) to f i l l the bulbs 
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3o1 Contd. 

(A^ - and (C^ - C^)o Gas from the c i r c u l a t i n g 
system i s t r a n s f e r r e d onto the charcoal i n the f i r s t 
a dsorption bulb (B^) by means o f the Toepler pump (T, 
F i g . 17)o The mercury i n the f r o n t row o f bulbs i s lowered 
to b r i n g the gas adsorbed on the charcoal i n contact w i t h 
the f i r s t gas bulb (A1)» The mercury i n the f r o n t row 
of bulbs i s r a i s e d , i s o l a t i n g the gas i n bulb (A^)» The 
mercury i n the back row o f bulbs i s lowered and the gas 
from bulb (A^) expands i n t o bulb (C^ ) and i n t o contact 
w i t h the charcoal i n the next bulb (Bg). Raising the 
mercury i n the back row o f bulbs and subsequent". ./ lowering 
o f the mercury i n the f r o n t row brin g s the gas adsorbed 
on the charcoal i n bulb (3g) i n t o contact w i t h bulb ( A 2 ) 0 

At the same time, the gas adsorbed on the charcoal i n 
b u l b . ( B ^ ) , but not desorbed at the f i r s t operation now 
comes i n t o e q u i l i b r i u m w i t h bulb (A^)„ Thus, during 
successive adsorption and desorption, a separation i s 
e f f e c t e d . Raising and lowering o f the mercury i s c a r r i e d 
out a u t o m a t i c a l l y by means o f a t i m i n g u n i t and e l e c t r o -
magnetically operated valveso An Edwards vacuum pump 
evacuates the mercury r e s e r v o i r to cause the mercury 
i n the column to be lowered and a carbon dioxide r e s e r v o i r 
supplies gas at atmospheric pressure to r a i s e the mercury* 
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3«1 Contdo 
Carbon dioxide and not a i r was chosen since t h i s w i l l 
c o ntain very l i t t l e helium, i n the event of gas being 
entrained i n the mercury and e n t e r i n g the column 0 

The f i r s t f i f t e e n operations o f the column r e s u l t 
only i n the f i r s t f r a c t i o n of helium reaching the l a s t 
adsorption b u l b , hence no gas should be evolved from the 
column during t h i s p e r i o d . I n p r a c t i c e , however, a small 
amount o f gas i s c o l l e c t e d which i s r e f e r r e d to as the 
" f i f t e e n operations blank" and i s discussed l a t e r ( s e c t i o n 
3o2<,1o). The helium f r a c t i o n s are c o l l e c t e d i n the next 
twenty one operations ( i . e . a f t e r 3 6 operations t o t a l see 
Section 3 » 3 » ) , when the column i s stopped f o r helium 
measurements 

The measuring system ( F i g 19) consists o f two P i r a n i 
gauges immersed i n l i q u i d n i t r o g e n and a larg e glass 
bulb (volume r*+\ l i t r e ) i n which the gas from the separa­
t i o n column c o l l e c t s . The gas i n t h i s bulb i s t r a n s f e r r e d 
to one o f the P i r a n i gauges ( P i g . 20) by f i l l i n g the 
bulb w i t h mercury from the r e s e r v o i r below i t . Another 
s i m i l a r gauge continuously pumped forms the f o u r t h arm 
of a Wheatstone Bridge network ( P i g . 2 1 ) and helps t o 
reduce the dependence o f the balance p o i n t on casual 
f l u c t u a t i o n s i n operating c o n d i t i o n s . Even so 3 - 6 hours 

- 6 6 -



T 

Main Gas 
S e p a r a t i o n C a l i b r a t i o n vac l i n e t r a n s f e r 
column system system 

• 

6 H = 
T r a n s f e r 

bulb 

(X) 
P i r a n i 
gauges 

MEASURING SYSTEM 



0 

n n Tungsfcea 
leads and 

hooks 

Tung is tea 

Hieke1 tape 

PIRANI GAUGE 

FIOo 20 

G l a s s soQ 
auppoyfc 



G 

P P 1 

1 v o l t 

X 

PIRANI BRIDGE CIRCUIT 

P^l = Measuring P i r a n i Gauge« 
g Pg = Compensating P i r a n i Gauge 

R^ jR^pR^jRg s F i x e d R e s i s t a n c e s o 

R 2 j R ^ j R y p B g s V a r i a b l e R e s i s t a n c e s o 

S = S e l e c t o r S w i t c h 
G - Galvanometer 

PIGo 21 



3o1 Contd. 
under l i q u i d n i t r o g e n i s required to a t t a i n a s t a b l e 
operating c o n d i t i o n 

The P i r a n i gauges ( F i g . 20) are used f o r measuring 
the pressure of the separated helium and neon and c o n s i s t 
of a Pyrex glass tube enclosing a l e n g t h of n i c k e l tape 
(0o003 mm t h i c k x 0.05 mm wide) supported i n the shape 
of a W on a glass and tungsten frame ( 4 l ) o The n i c k e l 
tape i s soldered under a 10 g. tension onto the tungsten 
hooks, which are previously copper p l a t e d . A piece of 
gold f o i l i s placed i n the P i r a n i gauge connection tube 
to absorb any mercury vapour and so prevent i t s a t t a c k i n g 
the soldered connections. Charcoal i s also included to 
adsorb gases released i n t o the system from tap grease. 

The P i r a n i bridge c i r c u i t (P^, P 2, H 1, R 2 and R^) 
fo r measuring the q u a n t i t y o f helium i s shown i n Figure 21 
Rg i s a v a r i a b l e resistance which i s adjusted t o give a 
s u i t a b l e reading on the galvanometer. Ry i s v a r i e d to 
maintain a 1 v o l t p o t e n t i a l d i f f e r e n c e across the P i r a n i 
gauge tape, the value of which can be checked v i a the 
"1 v o l t check" t e r m i n a l s . Rg i s a v a r i a b l e resistance 
i n order t h a t the s e n s i t i v i t y o f the bridge can be ad­
justed to v a r y i n g amounts of helium. The secondary bridge 
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3»1 Oontdo 
c i r c u i t (R 1, R2, R^» R̂ , R^ and Rg) i s included to 
check f o r d r i f t i n g i n the c i r c u i t (by throwing switch S) 
without having to disconnect the P i r a n i gauges from the 
c i r c u i t s . 

On i n t r o d u c i n g gas to the gauge, heat from the 
tape i s removed and conducted to the glass w a l l s (main­
tained at -195-8°C)« The temperature and th e r e f o r e the 
resistance o f the tape i s hereby reduced* The change i n 
resistance produces an out of balance c o n d i t i o n i n the 
bridge c i r c u i t , observed by a d e f l e c t i o n on the galvano­
meter. At low pressures, when the mean f r e e path o f the 
gas molecules i s greater than the p h y s i c a l dimensions of 
the gauge, the thermal c o n d u c t i v i t y i s p r o p o r t i o n a l to 
the pressure. I t i s , however, prudent t o c a l i b r a t e the 
gauge each time i t i s used w i t h an accurately known 
q u a n t i t y of helium, approximately the same as w i l l 
u l t i m a t e l y be measured a f t e r separation on the column. 

The need f o r c a l i b r a t i o n demands a system f o r i n t r o ­
ducing known small (̂ l©""̂  ccs) q u a n t i t i e s of helium or 
neon i n t o the system (Pig. 22). This i s supplied by 
i n t r o d u c i n g a q u a n t i t y o f gas from a r e s e r v o i r i n t o a 
c a l i b r a t e d McLeod gauge, where i t s volume, pressure and 
temperature are measured. This i s expanded back i n t o 
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3.1 Contdo 
the whole of the JicLeod gauge and a small p o r t i o n i s 
removed i n the f i r s t gas p i p e t t e . The q u a n t i t y i n t h i s 
p i p e t t e i s expanded i n the next volume and a p o r t i o n o f 
t h i s removed i n the second gas p i p e t t e . This p o r t i o n i s 
t r a n s f e r r e d v i a the t r a n s f e r bulb (Pig. 19) i n t o the 
P i r a n i g a u g e o Thu o v e r a l l f a c t o r i s 8.6565 x 10 ^ 0 

Having measured the helium by compressing the gas 
i n t o the P i r a n i gauge, the galvanometer d e f l e c t i o n i s 
also observed when the gas i s removed by pumping and a 
mean value taken as the tru e d e f l e c t i o n * The neon i s now 
c o l l e c t e d . During the c o l l e c t i o n of helium, the l i q u i d 
n i t r o g e n i s removed from around the bulbs on the column 
except bulb 1 to f a c i l i t a t e c o l l e c t i o n o f the neon ( i . e . 
from bulbs 2, 3 and k a f t e r 25 operations; 5, 6, 7 and 8 
a f t e r 29; 9, 10, 11 and 12 a f t e r 33; 13, and 15 a f t e r 
36 o p e r a t i o n s ) . 

The gas i s c o l l e c t e d u n t i l 61 operations of the 
column have been completed and the measurement i s c a r r i e d 
out i n the same manner as f o r helium, using neon f o r 
c a l i b r a t i o n of P i r a n i gauges* 
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3.2 S t a b i l i t y o f P i r a n i Gauges 
3.2.1. 15 - Operations Blank 

Although no gas should be c o l l e c t e d a f t e r 1 5 -

operations, a small q u a n t i t y i s i n v a r i a b l y found, due 
to d i f f u s i o n through the glass or outgassing even though 
a thorough degassing procedure i s c a r r i e d out before 

The values o f a number o f 15 - operations blanks 
were c o l l e c t e d and are seen i n Table 11. 

TABLE 11 

Galvanometer 
Reading 

cms 
Mean of each 

p a i r i; 

i o.7U 
; o.i+o 

0.57 

i 0.60 
0.22 

0.1+1 

0.57 
| 0.51 

0.51+ , ; 

!'. 0.65 
! 0.25 

0.1+5 

' 0.65 
0.70 

0.68 

0.38 !' 0.1+0 
0.1+2 ii 
0.61 || 0.57 
0.53 : i 

Mean = 0.52 cms (i.e./**5xl0~^ccs He) 
Standard d e v i a t i o n = + O.IOcms (i.e. « * 1 0~^ccs He) 
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3.2.2. Standard Deviation o f P i r a n i Gauge Headings 
A volume o f helium 2x1 0 ccs) was introduced 

i n t o the measuring system (Pig. 19) and the mercury 
i n the t r a n s f e r bulb was a l t e r n a t e l y r a i s e d and lowered.. 
The galvanometer readings were recorded each time and 
are seen i n Table 12. 

TABLE 1:2 

Galvanometer Mean of each 
Readings p a i r 

cm 
2 0 , 1 5 • 1 9 . 9 8 
1 9 » 8 0 

2 0 . 5 0 ' 2 0 o l 8 

f 1 9 . 8 5 

2 0 . 3 0 2 0 . 3 3 
2 0 . 3 5 

i 1 9 . 9 5 | 2 0 . 1 0 
i 2 0 . 2 5 I 
i 1 9 . 8 0 I 1 9 o 8 5 

I 19.90 i 
I 

Mean = 20.09 

Standard D e v i a t i o n = + 0.18 cms 
( i . e . "~2x10-9 ccs =He). 

The standard d e v i a t i o n i n measuring the pressure 
of a sample o f helium passed through the column i s by 
normsl combination o f e r r o r s + 0 o20 cms (i.e.^ 2 x 1 0 ccs 
He). 
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3 o 3 Column C a l i b r a t i o n 
To check the c o r r e c t operation o f the separation column, 

a q u a n t i t y of helium was introduced to the apparatus. The 
d i s t r i b u t i o n of helium c o l l e c t e d at the end o f the column 
was measured against the number of column operations. The 
r e s u l t s are seen i n Figure 23 (curve 1 ) . 

This experiment was repeated f o r neon and the r e s u l t s 
are seen i n Figure 23 (curve 2 ) . These r e s u l t s agree w i t h 
other workers on t h i s separation column (i+1 , 1+2) and show 
that the helium c o l l e c t i o n should be stopped a f t e r 36 operations 
at which time 99«37? o f the helium has been c o l l e c t e d . 
3ok E f f i c i e n c y Experiments 

A number of p o r t i o n s o f helium were taken from the second 
p i p e t t e i n the c a l i b r a t i o n system ( F i g . 22). A l t e r n a t e 
por t i o n s were measured d i r e c t l y i n the P i r a n i gauges and measu­
red a f t e r being passed through the separation column. The 
l a t t e r p o r t i o n s were removed q u a n t i t a t i v e l y from the c a l i ­
b r a t i o n system i n bulb D ( F i g . 21+) i n the gas t r a n s f e r system 
by means of the Toepler pump and connected on t o the gas 
sample tube i n the c i r c u l a t i n g system ( F i g . 17). Due to the 
l e n g t h of time required f o r t h i s experiment, only 3 or 1+ 

p o r t i o n s could be taken i n one run and three runs were t h e r e f o r e 
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3•>4 Contd. 
c a r r i e d out (Table 13). 

Volume o f p i p e t t e (2) = 3°28 ccso 
Volume o f bulb etc. = 166.38 ccs 0 

Hence Volume minus p i p e t t e = 163.10 ccs 0 

Hence percentage d i f f e r e n c e between successive p o r t i o n s 

= 163.10 x 100 
166.38 

i . e . 98,0% 

TABLE 13 

P o r t i o n 
Number 

D e f l e c t i o n 
D i r e c t 
(cms) 

D e f l e c t i o n 
t h r o ' column 

(cms) 

i • 
Normalised 

! 

Percent 
Recovery 

I 
3 
4 

35-12 

34.14 

34.28 

32.71 
! 33.59 
< 35.12 

33.38 
35.53 

95d 

94.5 

1 
! 2 
| 3 

28.16 
27.14 

26.34 

26.60 
28.16 

26.88 

94*5 

95.5 

i 1 
i 2 i 3 22.61 

22.39 
21088 

21.52 
21.44 

22.61 

95.2 
94.8 

Mean i s 9k-9% 
The e f f i c i e n c y of recovery o f helium on passing through 

the separation column i s 94.9 + 0.16?5. 
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DISSOLUTION OF FOILS 
ka-\ Dissolver 

The apparatus f o r the d i s s o l u t i o n of the i r r a d i a t e d 
aluminium f o i l s ( F i g . 25) consists o f a 500 ml f l a s k 
c o n t a i n i n g an aqueous s o l u t i o n of potassium cupric 
c h l o r i d e ; t h i s solvent was selected to reduce the 
q u a n t i t y o f hydrogen produced on d i s s o l u t i o n . The 
aluminium f o i l i s placed i n the closed tube i n s e r t e d 
i n t o the side - arm o f the f l a s k j r o t a t i o n of the tube 
allows the f o i l t o f a l l i n t o the solvent. A d i p - tube 
i s used to bubble p u r i f i e d oxygen i n t o the s o l u t i o n to 
purge out a i r p r i o r to d i s s o l v i n g and to remove a l l 
the helium a f t e r d i s s o l v i n g . The helium i s flushed 
through the apparatus i n t o the c i r c u l a t i n g system ( F i g 0 

17) v i a a mercury non - r e t u r n bubbler and the helium 
i s measured as described i n section 3*1• 

k»2 P u r i f i c a t i o n o f oxygen 
The q u a n t i t y of helium expected i n the aluminium 

catcher f o i l i s approximately 10""̂  ccs and the q u a n t i t y 
of oxygen used to sweep the gases out. of the d i s s o l v e r 
i s approximately 300 ccs« • The helium i m p u r i t y content 
i n the oxygen must therefore be considerably less than 
3 x 10~^ p.p.m0 
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ko2 Contdc 

E l e c t r o l y t i c oxygen was selected as the source of 
gas, since t h i s was considered the type of commercial 
oxygen most l i k e l y to be free from helium,, Oxygen from 
the c y l i n d e r was psssed v i a a reducing valve i n t o the 
oxygen p u r i f i c a t i o n system (1;1 ) ( F i g . 2 6 ) 0 The apparatus 
WHR pumped down and the s t i l l we.s i s o l a t e d from the 
c o l l e c t i o n bulb and the gas e n t r y point by c l o s i n g a t a p D 

A Dewar f l a s k of l i q u i d n i t r o g e n was placed round the 
c o l l e c t i o n bulb and oxygen gas was bubbled through the 
mercury i n the gas entry p o i n t and i n t o the apparatus. The 
oxygen flow was kept j u s t greater than the r a t e o f con­
densation so t h a t the excess oxygen bubbled through the 
mercury to atmosphere and so prevented any possible 
ingress of a i r i n t o the apparatus. This was continued 
u n t i l the c o l l e c t i o n bulb v/as about three quarters f u l l 
of l i q u i d oxygen. At t h i s p o i n t , the vapour pressure of 
the l i q u i f i e d gas i n the c o l l e c t i o n bulb was about k5 cms 
of mercury due to various i m p u r i t i e s . An i n i t i a l p u r i ­
f i c a t i o n was performed by pumping out the gas i n the f r e e 
space u n t i l the vapour pressure was reduced to approxi­
mately 1 5 cms of mercury (vapour pressure o f oxygen at 
-195o8°C i s 15.2 cms o f mercury) e 
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ko2 Contd. 

The oxygen was t r a n s f e r r e d to the d i s t i l l a t i o n 
apparatus by surrounding i t w i t h l i q u i d n i t r o g e n and 
removing the l i q u i d n i t r o g e n from around the c o l l e c t i o n 
bulb* The oxygen condensed i n the condenser p o r t i o n and 
ran down the Dixon packing f r a c t i o n a t i o n column i n t o the 
f l a s k , g r a d u a l l y c o o l i n g i t u n t i l a l l the oxygen had 
c o l l e c t e d i n the f l a s k . The heating c o i l was switched on 
and f r a c t i o n a t i o n was c a r r i e d out f o r approximately 10 
hours during which time about one t h i r d o f the oxygen was 
l o s t to the pumping system through the mercury bubbler* 
The oxygen was returned to the c o l l e c t i o n bulb and stored 
under l i q u i d nitrogen<> 

The helium content of the oxygen was determined i n 
an apparatus designed by H a l l (h.1 ) f o r the determination of 
helium i n b e r y l l i u m metal ( F i g . 27) • Hydrogen produced 
by d i s s o l v i n g magnesium metal i n d i l u t e s u l p h u r i c acid 
was burned w i t h oxygen from the l i q u i d oxygen supply and 
a f t e r condensation of the water produced, the evolved 
gases were passed i n t o the helium apparatus f o r helium 
content measurement. This value represented a maximum 
since the helium content of the magnesium was unknown, 
though i t had been p r e v i o u s l y p u r i f i e d by vacuum sub­
l i m a t i o n (the magnesium was supplied by Magnesium E l e k t r o n 
L t d . ) . 
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k«2 Gontd. 

A piece o f magnesium (approximately 9g) was degreased 
i n carbon t e t r a c h l o r i d e , washed i n acetone and water and 
f i n a l l y cleaned by immersion i n 2M sulphuric a c i d f o r a 
short time followed by washing w i t h water and d r y i n g . The 
magnesium was weighed and f i x e d i n t o the platinum cage; 
1000 mis of 1O5M sulphuric acid were poured i n t o the 
d i s s o l y e r . The a i r was removed from the d i s s o l v e r and the 
sulphuric a c i d s o l u t i o n by f l u s h i n g w i t h oxygen and 
pumping. The e f f e c t i v e n e s s of the f l u s h i n g was checked 
by bubbling approximately 100 ccs of oxygen through the 
s o l u t i o n and measuring the helium content i n the helium 
apparatus. The helium content was found to be less than 
10 ccs. 

The diss o l v e r was f i n a l l y flushed out w i t h oxygen 
and the oxygen - hydrogen burner was degassed by sw i t c h i n g 
i t on f o r 30 minutes followed by a f u r t h e r f l u s h i n g out. 
The cooling vessel was f i l l e d w i t h water and ice addedo 
Ic e was also added throughout the d i s s o l v i n g to keep the 
temperature o f the solvent w e l l below 60°C, at which 
temperature the vapour pressure of water approaches t h a t 
o f l i q u i d oxygen at l i q u i d n i t r o g e n temperature and would 
prevent oxygen e n t e r i n g the d i s s o l v e r . The burner was 
switched on and the tap from the oxygen c o l l e c t i o n bulb 
openedo The d i s s o l v i n g was commenced-by lowering the 
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l+02 Contd. 
magnesium i n t o the sul p h u r i c a c i d by moving the i r o n 
bar up the long side - arm w i t h a magnet. The hydrogen 
evolved was burned w i t h oxygen. Care was taken t h a t the 
pressure i n the dissolver never exceeded the vapour 
pressure o f l i q u i d oxygen at l i q u i d n i t r o g e n temperature 
i . e . there was always an excess o f oxygen present. 

When d i s s o l v i n g was complete, the evolved gases were 
passed i n t o the helium apparatus v i a a l i q u i d n i t r o g e n 
t r a p . Three f l u s h i n g s w i t h oxygen were c a r r i e d out to 
ensure the l a s t traces o f gas were t r a n s f e r r e d to the 
helium apparatus and the helium content determined© 

The experiment was repeated and the r e s u l t s are seen 
i n Table 14<> 

TABLE 14 

Run Number ,1 2 

Weight o f Magnesium 8.9g 9.4g 

j Volume o f Hg evolved 8.2 l i t r e s 8.8 l i t r e s 
Volume o f 0 2 used 4 d l i t r e s k>k l i t r e s 
Volume o f He measured —8 

<i+86x10"" ccs <^.2x10"8ccs 
He content of 0 o 

2 

—•5 
<1.1X10 -'p.p.m. <1.0X10 •'p.p.mo 

This content represents not greater than 3fc o f the 
helium expected i n the aluminium f o i l s and was considered 
s a t i s f a c t o r y 0 
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k°3 Determination of Helium content of the F o i l s 
The aluminium f o i l was measured, weighed and placed 

i n the d i s s o l v e r ( s e c t i o n 1+.1). A i r was removed from the 
d i s s o l v e r and the potassium cupric c h l o r i d e s o l u t i o n by-
f l u s h i n g w i t h oxygen and pumping. The e f f e c t i v e n e s s 
o f the f l u s h i n g was checked as i n section The helium 
content of 100 ccs oxygen f l u s h was found to be less than 
10 ccs. 

The tube containing the f o i l was r o t a t e d a l l o w i n g 
the f o i l to f a l l i n t o the s o l u t i o n and d i s s o l v e . The 
evolved gases were flushed out w i t h oxygen (3 times) i n t o 
the helium apparatus v i a a mercury bubbler non -= r e t u r n 
valve. The hydrogen was removed i n the c i r c u l a t i n g system 
and the helium content was determined. 

Three determinations were c a r r i e d out on u n i r r a d i a t e d 
f o i l s and two on i r r a d i a t e d f o i l s (the aluminium f o i l 
used was from the same source). The r e s u l t s are shown 
i n Table 15» 



TABLE 15 

Run Number 
Volume o f Helium (ccs) 
Mean Helium Blank 

Blank 1 

3O15X1CT8 

Blank 2 

3.28xl0~ 8 

3*34x10"8 

I Blank 3 

| 3.58x10"8 

(+0.12x10"8) 

• Run Nnmber 

i Wt. o f F o i l 
Volume of Helium (ccs) 
Volume o f Helium less blank 
Percentage recovery of Helium 

j 
. Net Vol. of Helium (ccs) 

jLiM-auxation 1 

96,76 mg 
6*33x10~8 

2O99X10= 8 

94.9f° 

3.15x10~8 

i r r a d i a t i o n 2 

94.71 mg 
9.99x10"8 

6.65x10~8 

94.9% 

7 . 0 i x l C T 8 

4.4 Na H Counting 

This p a r t o f the work was c a r r i e d out by J.H.Davies 
(k3) and i s t h e r e f o r e described only b r i e f l y * 

A f t e r a l l o w i n g about 90 minutes f o r Mg2^ ( t j . 9.5 mine 
2 

to decay, the aluminium f o i l was dissolved i n 5M hydro-
c h l o r i c acid c o n t a i n i n g a l i t t l e sodium c a r r i e r . The 
s o l u t i o n was d i l u t e d to 12 mis and 10 mis removed f o r 
counting i n a l i q u i d counter, which had been c a l i b r a t e d 

oh — 

previously f o r Na ̂  by 4 U counting. Count r a t e s were 
recorded u n t i l s u f f i c i e n t r e s u l t s were a v a i l a b l e to 
accurately e x t r a p o l a t e the decay curve back to the time 
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at the end of the i r r a d i a t i o n . The count r a t e a t the 
end of the i r r a d i a t i o n was corrected f o r v a r i a t i o n s i n 
the neutron y i e l d during the course o f the i r r a d i a t i o n 
(see Part I , Section 1). The number o f atoms o f Na 
produced during the i r r a d i a t i o n was c a l c u l a t e d . The 
r e s u l t s were 1.87 x 10"' atoms ( i r r a d i a t i o n 1) and 

~> 

^-.05x10 atuiiis ( i r r a d i a t i o n 2 ) . 
5. RESULTS AND DISCUSSION 

The formula f o r c a l c u l a t i o n o f cross - section values 
was applied to the r e s u l t s of the two i r r a d i a t i o n s as f o l l o w s ? -

Q> _ Number of Na atoms produced 
Number o f A l atoms/cm 2 x Number of He atoms produced 

I t was, however, necessary to apply two c o r r e c t i o n s ? -
( i ) f o r the mean neutron path l e n g t h 1 through the 

a c t i v a t i o n f o i l o f thickness de 

( i i ) f o r the s l i g h t d i f f e r e n c e between the neutron and 
O C - p a r t i c l e d i s t r i b u t i o n s i n the l a b o r a t o r y co­
ordinate system* 

The former c o r r e c t i o n i s a f u n c t i o n o f e f f e c t i v e deuteron 
energy, which w i l l depend on the t a r g e t t h i c k n e s s , the d i s t r i ­
b u t i o n of t r i t i u m w i t h i n the t a r g e t and the extent of b u i l d up 
of any surface l a y e r . The D + T r e a c t i o n has a prominant 
resonance (k&) at about 110 keV deuteron energy and from the 
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data of Gunnerson and James (kh), i t was estimated t h a t t h i s 
energy would be reached by the deuterons a f t e r passing through 
about one h a l f o f the t a r g e t thickness. A value f o r V<3 o f 
1o217 was c a l c u l a t e d , assuming t h i s value f o r the deuteron 
energy. The value o f /d i s r a t h e r i n s e n s i t i v e t o the deuteror 
energy, changing about 0.0001 per keV„ 

The l a t t e r c o r r e c t i o n was simple since the d i s t r i b u t i o n 
o f neutrons and - p a r t i c l e s i s known to be i s o t r o p i c about 
the centre of mass co-ordinate system at the deuteron energy 
employed (Z+5, kSf kl) and a value of ^^P^^j^ o f °»8778 was 
calculatedo This i s also energy dependent and changes by 
about 0.13$ per keVo 

The values f o r the cross - section thus obtained were 
11 i+.2 and 113.2 mb0 

The greatest e r r o r i n these experiments was the magnitude 
of the helium found i n the blank runs. I t had been shown 
pre v i o u s l y t h a t there was a s u b s t a n t i a l increase i n the 15 -
operations blank and t h a t the helium determined did not a r i s e 
from the aluminium. The cause o f the high blanks was assumed 
to be due to a c e r t a i n p e r m e a b i l i t y produced i n the f r a c t i o n a t ­
ing column by d e v i t r i f i c a t i o n of the soda gl a s s , since t h i s 
column had been i n use f o r many years. Some confidence was 
however, r e s t o r e d by the r e p r o d u c i b i l i t y o f the helium blanks 
(Table 15). 
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The p r i n c i p a l e r r o r s i n t h i s work weres-
( i ) the estimation of the helium blank, 

( i i ) the determination of helium produced during the 
i r r a d i a t i o n , , 

( i i i ) the lack o f knowledge of the e f f e c t i v e dueteron 
energy (a v a r i a t i o n i n dcuteron energy of + 20 keV 
represents a v a r i a t i o n i n the cross - section value 
of 3«5^)« 
Other possible sources of e r r o r , which were i n ­

s i g n i f i c a n t compared w i t h the above, are however worthy 
of i n c l u s i o n : -
( i ) the e x t r a p o l a t i o n of the Na decay curve, 

( i i ) back - sc a t t e r of ©C-particles from the t a r g e t 
m a t e r i a l . 

( i i i ) helium from the Al (n.oC) r e a c t i o n , 
( i v ) contamination of the catcher f o i l w i t h He^ from 

t r i t i u m decay 0 

The t o t a l e r r o r s were estimated a t + B.S% to give a 
value f o r the cross - section of the Al(n,oC) r e a c t i o n f o r 
13.5 MeV neutrons of 113.7 + 10.1 mb. Recent experiments on 
the crosa - s e c t i o n f o r t h i s r e a c t i o n have been c a r r i e d out 
by a number of workers and t h e i r r e s u l t s are shown i n Table 16< 
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T.ABLE 16 

j Neutron Gross - Section Reference 
• Energy mb 
! MeV 

; 14 . 8 92 + 15 49 
1k.1 116 + cm 

; 13.0 1 3 9 51 

14 . 8 114 + 7 52 
13.85 9 5 + 19 53 
1 4 . 7 6 1 1 7.0 54 
1 3*5 130.6 + 6o5 55 
1 3 . 8 121 + 12 56 
1 3 . 5 

i 
118.1 + 6 S0 5 7 

I t i s seen t h a t there i s considerable v a r i a t i o n i n the 
reported r e s u l t s and t h a t the value obtained i n t h i s work l i e s 
i n the middle of the range; i t agrees very w e l l w i t h more 
accurate r e s u l t s obtained l a t e r by the same method ( 5 7 ) . I t i s , 
t h e r e f o r e , concluded t h a t t h i s method o f determining the cross • 
section f o r the A l (n,0d) r e a c t i o n enables many o f the e r r o r s 
apparent i n other methods to be considerably reduced. 
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APPENDIX I 

The decay chains f o r the f i s s i o n products expected 
to be produced from the MeV neutron f i s s i o n of 
n a t u r a l uranium [2k). 

72. Zn(lj.9hr.) — 

73. Ga(5.0hr.) — 

Iko Ga(7.8min.) — 
75o Ga(2min„) — 
76. Ge(s) 
77. Ge(5l|sec.) 

Qe(l1o3hr.) 
78 0 Ge(2.1hr.) 
79.. As(9.0min.) 

80 9 As(l5.3sec.) 
81. As(33sec.) 

82. Se(s) 
83« Se(70sec.) 

Se(25minT 
8lu Se(3.3min.) 
85o As(0»Useco) 

Rb(s) 

86. K r ( s ) 
87o Se(l7sec.) 

•» GadU.3hr.) Ge(s) 
=4 Oe(s) 
-> Gte(s) 
—» Ge(82min.) 

As(38.7hr.) 
=> As(91min.) 
-> Se(3.9min.) 

Se(s) 
•> Se(56.8min.) 

Br(2.3hr.) 

-> Br(3lo8min.) 
-> Se(¥>sec.) 

Kr(l0„3yr.) 

Br(55«6sec«) 

As(s) 

— * 

Se(s) 
Se(s) 
Se(6.5x10^yr.) 
B r ( s ) 

Se(l8.2min.) 
B r ( s ) 

K r ( u i i i i n i n . ) 
K r ( s ) 
K r ( s ) 
Br(3.0min.) 
Kr(i+.36hr.) 

Kr(7«8min 0) 
Rb(s) 
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88 0 Br(l5o5sec„) » Kr(2.77hr.) > Rb(l7o8min.) 

89, Br(4.5sec.) > Kr(3.2miru) > Rb(l 5-Umin. ) 
Y(s) < Sr(50o5d) 

90 o Br(1.Usee.) *> Kr(33sec„) * Rb(2.7min.) 
Z r ( s ) 4 Y(6U.5hro) 4 s4(27o7yr„) 

91, Kr(9.8sec.J > RbOUmin.) >_Sr(9.7hr.) 

Z r ( s ) < Y ( 5 7 d ) 4 i ^ ^ < ^ — Y(50.3min 0) 
92 0 Kr(3.0sec o) » Rb(5.3sec.) ¥ Sr(2o7hr,,) 

Z r ( s ) 4 Y(3.5hr,) 
93o Kr(2 00sec») > Rb(5-6sec 0) »Sr(7<>5min0) 

M,( B) < Z r ( l o 1 z 1 0 6 y r . ) 4—Y(lO„Ohr.) 
Sk. K r ( l ol+sec-..) > Rb(2.9sec. ) > Sr(l.3min 0) 

Z r ( s ) 4 Ylfl6o5min 0) 
95, K r ( s h o r t ) > Rb(2.5sec.) > Sr(40sec.) 

Nb(90hr.) < Zr(65<3) * Y(l0.5min.) 
Nb(35d)^ ' " " 
Mo(s) 

96„ Z r ( s ) 
97o K r ( l s e c o ) > Rb(short) > S r ( s h o r t ) 

Nb(60sec«>) < Zr(l7o0hr„)< Y ( s h o r t ) 

Nb(72min 0) 
Mo(s) 

98 e Z r ( l m i n 0 ) > Nb(51.5"iin.) > Mo(s) 
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99. 

100 0 

101. 

102. 

103. 

104. 
105. 

107. 

108. 

109. 

110, 

111. 

Zr(30sec<>) 
Ru(s) < — 

Tc(l8min,) 
Mo({2min.) 
Pd(s) 

106, Ru ( l . 0 y r . ) 

Ru (~4min.) 
Rh(30sec.) 

RhV3sec.) 

0d(s) 4r 

Nb(2.Umin.) » Mo(67.Ohr.) 
- Tc(2x10 5yr.) 4 Tc(6.0hr.) 

Nb(3.0min.) >Mo(s) 
Nb(l .Otnin.) £ Mo(l4.6min.) 

Mo(l1.5min. ) • Tc(4«1min.) 
'Tc(5see,) 

r n _ I > <-> ,„ j \ ^ T\*- f I . r\ a \ 

Tc(l4.0min.) 

Ru(s) 

-jr jn.li ̂  J I ulj-n » j 

Rh(s) 

•*Ru(s) 
-y Tc(l0min.) > Ru(4.5hr,J 

•Rh(36.5hr.) < Rh(45see.) 

Rh(2.2hr.) 
•Rh(30Bec.) 

-fc Pd(s) 

Tc«1,5min. ) » Ru(4.8min.) > Rh(24min.) 
Ag(s) < Ag(44.3sec.) 4 Pd(7xl0 6yr.) 

Rh(l8sec.) ^ Pd(s) 
Pd(4o7min.) 
Ag(s) ^ r — 

P d(l3.5hr.) 
— Ag(44.3sec.) 

-> Pd(a) 
Pd(22min.) ^Ag(74sec.) 

— Cd(48.6mln77*::===r:*ig(7.5d) 
112. Pd(21hr.) >• Ag(3.4hr.) > 0d(s) 
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113. 

11^« 

115. 

118. 
119o 

120o 
121. 

122„ 
123o 

Pd(l .4min<,) Ag(lo2rain.) 

I n ( s ) « 

» A g(5-3hr 0) 
^ ( 5 o 1 y r e ) 

mainly 
In(K%nin<,) 

Pd(2„4min„) 
Pd(45seco) 

=^ A g(5sec. ) * Cd(s) 
=£> Ag(2l o1min 0 ) 

Cd(53hr.) ^Cd(U3d) 

I n ( l + c 5 K r \ ) 93^}r In(6x10 1 4yr°) 

Sn(s) ' 
T1"6 o Sg ( 2. 5min» ) 
117. Ag(l.1min„) ^Gd(3.0hr o) 

'Cd(50min, ) 
I n d o l h r ' . ^ f ^ i n ( i . 9 h r 0 ) 

Sn(lU.Od) 

Sn(s) 
Cd(50min.) 
Cd(lOmin.) 

-> In(5.5sec.) 
^ I n ( l 7«5min») 

Sn(s) 

S n ( s ) 
Cd(2/9min. ) 
In(55seco) ' 
Sn(27.5hr.) 
Sn(>5 y r 0 ) 
Sn(s) 
Sn(J4-1mina) 

Sn(l25d) 

> Sn(8) 

Sb(s) 
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12U„ Sn(s ) 

125. Sn(9o5min„) 

S n ( 9 . 4 d ) 

126„ S n ( l 0 5 y r . ) 

127o S n ( 2.6hr e) 

^ S b ( 2 c 6 y r 0 ) Te(58d) 
NT 
Te(s ) 

Sij(l8o8min 0 ) ^.JCe(s) 

Sb(l1d) 

Sb(88hr.) > T e ( 9 . 4 h r „ ) 

i 6 ^ t q&£ * 
T e ( l 0 5 d ) ' ^ ^ 

K s ) 

132, 

3b(l9o7min P) 

S b(U . 6 h r 6 ) v

 fct*% > Te(72miri6 ) > 1 ( 1 0 6 x l 0 7 y r „ ) 

128. Sn(57min 0 ) 

129. 

130c 

131. 

Sb(9o6hro) $> Te( s ) 

Sn(2.6min.) 

Sn(3oi+min.) 

Sb(7.1min. ) 
,ST3(23olmin.), 

Te(30hr . ) 

Xe(l2d) 

Sn(2.2min.) ^ Sb(2.1mln 0 ) 

Xe(a) 

4, 
Xe(s) 

Te ( s ) 

•>Te(2i|.88niino ) 

1 ( 8 . 1 d ) 

-^Te(77o7hr.) 

I ( 2 . 2 6 h r . ) 
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SbCUoUmiiu ) £ Te(63min0 ) — ^ 

Te(2min».) 

Cs(s) 4-

1(20.8hro) 

X e ( 5 o 3 d ) < — Xe.(2.3d) 

S"b(0 08min o) 

Te(<2min 0) 

Te(2i4min») 

I(6.7hr.) 

•>li52.5min.) 
x t ( s ) 

X e ( 9 o l 3 h T o ) 

>Xe(l5o6min.) 

Gs(2.0xl0 6yr.) £Ba(s) 

I(83seco) * X e ( s ) 

I ( 2 2 s e c 0 ) 

l(6sec<>) 

I(2.7sec.) -

Xe(l6seco) -

X e ( l o 7 s e c 0 ) 
P r ( s ) < — 

Cs(~1min 0) 

Xe(3.9min.) >Cs(30yr 0) 
Ba(s) 4 Ba(2.6min.) 

•> Xe(l7min e) 

Cs(66sec.) 
Ce(s) < — 

-> Gs(short) 

- 0e(32.5a) 
Ba(l1min 0) 

Cs(32.2min.) 
Ba(s) 

-> Xe(i+1sec 0) > Cs(9o5min. ) 
La(s) 4 Efe(85minB) 

Ba(l2.8d) 

lk(40.2hr e ) 
-> Ba(l8min.) 

i ( 3 o 9 h r 0 ) 
La(92min 0) 
Ce(s) 
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143 . X e ( l o O s e c o ) » G s ( s h o r t ) » B a(l3sec.) 
X 

P r ( l 3 » 8 d ) 4 Ce(33hr.) 4 L a ( l 4 m i n „ ) 

N ^ ( s ) 

Ikko X e ( l s e c ) > C s ( s h o r t ) ^ B a ( s h o r t ) 

P r(l7.3min 0 ) < Ce(284d) 4 I a ( s h o r t ) 

N d ( s ) 

145. C e(3 . 0 t n i n o ) > P r ( 5 . 9 h r „ ) > N d ( s ) 

1 4 6 0 Ce(l3«9mino) > Pr(24.4min.) * N d ( s ) 

147 . Ge(l.2min.) > Pr(l2min.) ^ N d ( l l . l d ) 

_ _ Sm(s) 4 Pm(2o64yr B) 

148 B P r(2min 0) > N d ( s ) 

149. N d ( l . 8 h r „ ) > Pm (53hr . ) > S r a ( s ) 

1 5 0 0 N d ( s ) 

151. Nd(l2min.) * Pm(28.4hr„) — • S m(93yro) 

kis) 

1 5 2 . P r ( 6 t n i n . ) > Sra(s) 

153. S m(U7o1hro) > E u ( s ) 

1 5 4 . P r ( 2 . 5 m i n . ) > S m ( s ) 

1 5 5 o S m(23.5mino) > Eu(le7yr„) > Gd( s ) 

156 . S m ( 9 . 1 h r . ) • E u(l5.4d) > Gd( s ) 

157. Sm ( 3 0 s e c ) > E u ( l 5 . 4 h r „ ) > Gd(s ) 

158 . Eu ( 6 0 m i n o ) > G d ( s ) 

159. E u(20rain.) * G d(l8.5hr.) > T b ( s ) 

160 0 G d ( s ) 
1 6 1 . Gd(3.6min 0) * Tb(7»2d) * D y ( s ) 
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APPENDIX I I 
The radiochemical separations c a r r i e d out by the 

author are described i n f u r t h e r d e t a i l o 

S i l v e r (8) 
The i r r a d i a t e d u r a n y l n i t r a t e s o l u t i o n i s warmed on 

a water - bath and 5 mis of 2M h y d r o c h l o r i c a c i d are added. 
The s o l u t i o n i s c e n t r i f u g e d and the supernate c o l l e c t e d f o r 
barium and s t r o n t i u m determinations. The p r e c i p i t a t e i s 
washed twice w i t h water and dissolved i n 1 ml, of con­
centrated ammonia s o l u t i o n . The s o l u t i o n i s d i l u t e d t o 5mls 0 

w i t h water and two f e r r i c hydroxide scavenges are c a r r i e d 
outo Hydrogen sulphide gas i s passed through the s o l u t i o n 
and the s i l v e r sulphide i s c e n t r i f u g e d down and washed 
twice w i t h water. The p r e c i p i t a t e i s dissolved i n 2 mis 
of concentrated n i t r i c a c i d and b o i l e d to remove any 
sulphur, which may have been p r e c i p i t a t e d w i t h the sulphide. 
The s o l u t i o n i s d i l u t e d to 10 mis. w i t h water, 5 mis, of 
2M h y d r o c h l o r i c acid added and the s o l u t i o n warmed on a 
water - bath. The s i l v e r c h l o r i d e i s f i l t e r e d onto a tared 
f i l t e r - paper, washed w i t h 0.5M h y d r o c h l o r i c a c i d , water, 
alochol and e t h e r , dried i n a vacuum desiccator and weighede 

The c a r r i e r s o l u t i o n i s prepared by d i s s o l v i n g an 
accurately weighed amount o f s i l v e r n i t r a t e (l.520g) i n 
0.1M n i t r i c a c i d and d i l u t i n g to 100 mis. The concentration 
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o f the c a r r i e r s o l u t i o n i s 9.65 rag Ag/ml 0 

Strontium (10) 
The supernate from the barium separation ( s e c t i o n 3°2) 

i s almost 11M i n h y d r o c h l o r i c acid and o f large volume 
( 30 mi s . ) . This s o l u t i o n i s evaporated to small b u l k w i t h 
n i t r i c acid t o remove the h y d r o c h l o r i c a c i d . The s o l u t i o n 
i s cooled and t r a n s f e r r e d to an ice-bath. 25 mis. of fuming 
n i t r i c acid are added and the s o l u t i o n allowed to stand 
f o r -a- hour. The p r e c i p i t a t e d s t r o n t i u m n i t r a t e i s cen-
t r i f u g e d down, dissolved i n water and the s o l u t i o n made 
a l k a l i n e by the a d d i t i o n o f a few drops of concentrated 
ammonia s o l u t i o n . Two f e r r i c hydroxide scavenges are 
c a r r i e d out and the s o l u t i o n again reduced to small b u l k , 
cooled i n an ice - bath and 25 mis of fuming n i t r i c a c i d 
added. The s o l u t i o n i s allowed to stand f o r ̂  hour and 
the p r e c i p i t a t e d s t r o n t i u m n i t r a t e c e n t r i f u g e d down. The 
p r e c i p i t a t e i s dissolved i n the minimum q u a n t i t y o f water, 
made j u s t a l k a l i n e w i t h ammonia s o l u t i o n and 5 mis o f 
saturated o x a l i c acid s o l u t i o n added. The s t r o n t i u m 
oxalate i s f i l t e r e d onto a tare d f i l t e r - paper, washed 
w i t h water, a l c o h o l and e t h e r , d r i e d i n a vacuum desiccator 
and weighed. 

The s t r o n t i u m c a r r i e r s o l u t i o n i s an aqueous s o l u t i o n 
o f s t r o n t i u m n i t r a t e standardised by oxalate p r e c i p i t a t i o n 
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and i g n i t i o n to oxide„ The concentration of the st r o n t i u m 
c a r r i e r s o l u t i o n i s 9»55 mg/ml* 
Molybdenum (11), 

The s o l u t i o n o f i r r a d i a t e d u r a n y l n i t r a t e i s t r e a t e d 
w i t h 1 ml o f saturated o x a l i c a c i d s o l u t i o n and 5 mis o f 

0£-benzoin oxime s o l u t i o n (2fi i n e t h y l alcohol)„ The s o l u t i o n 
i s allowed to stand f o r 2 minutes, the p r e c i p i t a t e c e n t r i f u g e d 
down and washed twice w i t h water <> The p r e c i p i t a t e i s b o i l e d 
w i t h 2 mis o f concentrated n i t r i c acid and 1 ml o f concentrated 
p e r c h l o r i c a c i d t o destroy the oC-benzoin oxime, the s o l u t i o n 
i s allowed to cool and made a l k a l i n e by the a d d i t i o n o f 
ammonia solution,, Two f e r r i c hydroxide scavenges are c a r r i e d 
out and the 0 ( - b e n z o i n oxime complex i s again p r e c i p i t a t e d 
by a c i d i f y i n g the s o l u t i o n to approximately 1M i n n i t r i c a c i d 
and adding 5 mis o f O^-benzoin oxime s o l u t i o n * The p r e c i p i t a t e 
i s c e n trifuged down, washed twice w i t h water and dissolved by 
b o i l i n g w i t h 2 mis o f concentrated n i t r i c acid and 1 ml o f 
concentrated p e r c h l o r i c a c i d . The s o l u t i o n i s made n e u t r a l by 
the a d d i t i o n of ammonium hydroxide and then a c i d i f i e d v/ith a 
few drops o f 2N sulphuric a c i d . 5 mis of 2M ammonium acetate 
s o l u t i o n are added, the s o l u t i o n heated to b o i l i n g and 5 mis 
o f oxime s o l u t i o n (5f. i n 10$ a c e t i c a c i d ) added. The p r e c i p i t ­
ate i s f i l t e r e d onto a tare d f i l t e r paper, washed w i t h hot 
water, a l c o h o l and ether and sucked dry., The p r e c i p i t a t e i s 
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allowed to dry i n a vacuum desiccator and weighed as 
Mo0 2(G 6H 6ON) 2« 

The molybdenum c a r r i e r s o l u t i o n ( c o n c e n t r a t i o n 21j..3 mg 
Mo/ml) i s an accurate s o l u t i o n o f molybdenum t r i o x i d e i n 6M 
ammonium hydroxide, d i l u t e d to 100 mis w i t h water 0 

Ruthenium (13) 
The s o l u t i o n o f i r r a d i a t e d uranyl n i t r a t e i s added t o 

the d i s t i l l a t i o n f l a s k together w i t h 1g sodium bisrnuthate, 
1ml o f phosphoric a c i d , and 10 mis of concentrated p e r c h l o r i c 
a c i d . The f l a s k i s heated and a f t e r d i s t i l l a t i o n of the excess 
water, ruthenium t e t r o x i d e d i s t i l l s over and i s c o l l e c t e d i n 
the r e c e i v e r , which contains 10 mis of 6M sodium hydroxide 
solution,, The ruthenate s o l u t i o n i s t r a n s f e r r e d to a 
c e n t r i f u g e tube, 3 mis of e t h y l a l c o h o l added and the s o l u t i o n 
heated on a water batho Ruthenium oxide i s p r e c i p i t a t e d , 
c e n t r i f u g e d down and washed twice w i t h 2M sodium hydroxide 
s o l u t i o n . The oxide i s dissolved i n 2 mis of 6M h y d r o c h l o r i c 
acid and d i l u t e d to 10 mis w i t h water» Excess (0.2g) of 
aluminium powder i s added to the s o l u t i o n to p r e c i p i t a t e 
ruthenium metal and 5 mis of 2M h y d r o c h l o r i c acid i s added to 
dissolve any r e s i d u a l aluminium powder. The ruthenium metal 
i s f i l t e r e d onto a tared f i l t e r - paper, washed w i t h 2M hydro­
c h l o r i c a c i d , water, a l c o h o l and ether, d r i e d i n a vacuum 
desiccator and weighed. The ruthenium metal contains a s m a l l , 
but constant, amount o f oxide and i s 9ko3fo ruthenium 9 
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The ruthenium c a r r i e r s o l u t i o n i s prepared by d i s s o l v i n g 
an a c c u r a t e l y weighed amount o f ruthenium c h l o r i d e (2.0U9g) 
i n 0„1M hy d r o c h l o r i c acid and d i l u t i n g the s o l u t i o n t o 100 mis 
w i t h water<> The concentration o f the c a r r i e r s o l u t i o n i s 
10o01 mg Ru/mlo 
Palladium (16) 

1 ml o f 2M hy d r o c h l o r i c a c i d and 5 mis of dimethyl 
glyoxime s o l u t i o n (1£> i n a l c o h o l ) are added to the s o l u t i o n 
of i r r a d i a t e d u r a n y l n i t r a t e * * The s o l u t i o n i s allowed to 
stand f o r 5 minutes and c e n t r i f u g e d j the p r e c i p i t a t e i s washed 
twice w i t h water and dissolved by b o i l i n g w i t h 1 ml o f con­
centrated n i t r i c acido The s o l u t i o n i s made a l k a l i n e w i t h 
ammonia s o l u t i o n and two f e r r i c hydroxide and two s i l v e r 
i odide scavenges are c a r r i e d o u t 0 The s o l u t i o n i s made 0.J4M 
w i t h respect to hy d r o c h l o r i c a c i d and the excess s i l v e r 
separated o f f as s i l v e r c h l o r i d e by ce n t r i f u g i n g o The super-
nate i s tr e a t e d w i t h 5 mis o f dimethyl glyoxime s o l u t i o n * 
The p r e c i p i t a t e i s f i l t e r e d onto a tared f i l t e r - paper, washed 
w i t h water, a l c o h o l and ether, d r i e d i n a vacuum desiccator 
and weighedo 

The palladium c a r r i e r s o l u t i o n i s prepared by d i s s o l v i n g 
palladium c h l o r i d e (approximately 1<>3g) i n 0„1M h y d r o c h l o r i c 
a c i d and d i l u t i n g to 100 mis. The s o l u t i o n i s standardised 
by dimethyl glyoxime p r e c i p i t a t i o n ; the concentration i s 
8.08 mg Pd/mlo 
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The s o l u t i o n of i r r a d i a t e d u r a n y l n i t r a t e i s b o i l e d i n 
a beaker w i t h 5 mis of concentrated n i t r i c a c i d and 2g sodium 
n i t r a t e ; 0„5g sodium bismuthate are added g r a d u a l l y . The 
s o l u t i o n i s cooled and cerium extracted i n 10 mis of t r i b u t y l 
phosphate. The solvent l a y e r i s separated and t r e a t e d w i t h 
a mixture o f 5 mis o f 2M n i t r i c acid and 5 mis o f h y d r o x y l -
amine hydrochloride s o l u t i o n ( 6 % i n w a t e r ) . The cerium i s 
p r e c i p i t a t e d as hydroxide w i t h ammonia s o l u t i o n , washed twice 
wi-^h—wa-t-er, d-i-s-aol-v-ê  -i-n 1—ml— o-f- 2-M- -hydr^-ehioT'-are—a-cid—and——— 
f i n a l l y p r e c i p i t a t e d by a d d i t i o n of 15 flilp of saturated o x a l i c 
acid s o l u t i o n . The p r e c i p i t a t e i s f i l t e r e d onto a tared 
f i l t e r - paper, washed w i t h a minimum of water, and acetone, 
dr i e d i n vacuum desiccator and weighed,. 

The cerium c a r r i e r s o l u t i o n i s an aqueous s o l u t i o n o f 
cerium n i t r a t e , standardised by oxalate p r e c i p i t a t i o n and 
i g n i t i o n to oxide. The concentration o f the c a r r i e r s o l u t i o n 
i s 1+.92 mg/mlo 
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APPKiMDlA I I I 
D iscussiun of sources or e r r o r i n r i s s i o n y i e l d 
measurements and t h e i r s i g n i f i c a n c e . 

The e r r o r s ouoted m Table 10 (page b4) are the 
stanaara d e v i a t i o n s of the determinations f o r any p a r t i c u l a r 
r i s s i o n y i e l d and t h e r e f o r e give no i n d i c a t i o n of the 
ovfira.1,.1 fiTrriTO, 31 nn.e most o f the e r r o r s a r i s i n g i n t h i c 
woric are l i K e l y t o oe associated w i t h the es t i m a t i o n of the 
f i s s i o n y i e l d rrom Ao» i t i s p e r t i n e n t t o discuss the e f f e c t 
of these~~errors^ The prooii) l e sources of e r r o r are t i ­

l l ) lacK: of interchange between c a r r i e r and tracer« 
This i s u n i i K e l y m cases wnere tne chemistry 
i s unambiguous ana wnen i t can p o s s i b l y occur, 
o x i d a t i o n - r e d u c t i o n r e a c t i o n s have been c a r r i e d 
out t o ensure complete interchange (e„ go i n the 
oromine and i o d i n e separations)*, 
absorption of water onto, o r ineonrplete removal 
of water from, the separated precipitates,. 
Although precautions were taken t o avoid t h i s , 
i t could cause an overestimate i n the cherrtic al 
y i e l d g i v i n g a low f i s s i o n y i e l d r e s u l t . I t 
would be expected t o a f f e c t the standard d e v i a t i o n 
as w e l l as the o v e r a l l e r r o r , since the water 
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( i i ) (Junto, 
content would, almost c e r t a i n l y be v a r i a b l e s and 
the r e l a t i v e l y small standard, d e v i a t i o n s suggest 
t h a t t h i s i s not a l a r g e e f f e c t , 

( i i i j l a c k of accurate knowledge of the h a l f - iiveso 
This a f f e c t s a l l tnree f a c t o r s i n the f i s s i o n 
y i e i a c a l c u l a t i o n . (bee page a). The e r r o r i n 
the e x t r a p o l a t i o n of the decay curve w i l l depend 
on tne extent of the e x t r a p o l a t i o n , out an 
increase of 10% i n the h a l f - l i f e r e s u jt s m a 
s i m i l a r decrease i n the Ao value f o r an e x t r a ­
p o l a t i o n over one h a i r - l i f e , so t h a t the 
d i f f e r e n c e i n Ao x to. i s very small. The e r r o r 
i n the c a l c u l a t i o n of the summation ^ f o r a 
10$ e r r o r i n h a l f - l i r e i s l e s s tnan one or two 
percent, hence, provided the e x t r a p o l a t i o n i s 
over about one h a l f - l i f e , e r r o r s of 10% i n the 

value o f the h a l f - l i f e can be accomodated 
without much e f f e c t on the f i s s i o n y i e l d c a l c u l ­
a t i o n . I n f a c t , u n c e r t a i n t i e s of as inucn as 10% 
i n the n a i f - l i v e s concerned are extremely 
inprooabie. 
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Civ) r a t n e r poor agreement Detween tneory and 
experiment of the Seiiotape aDsorptioix f a c t o r 
(see Section 4 05 0 2 ) 0 The p o s s i o i e e r r o r i n the 
aosorption f a c t o r w i l l oecome greater, the more 
the r a c t o r deviates rrom u n i t y ana i s thus 
greatest f o r tnoce isotopes w i t n the lowest 
energy. I t i s estimated t h a t r o r tnose isotopes 
w i t n an aDsorption ractor- of l e s s tnan ±.3, the 
e r r o r i s u n l i k e l y t o oe more than £b%. 

(v) iacK of accurate Knowledge of tne energetics of 
tne r a d i o a c t i v e decays. This i s u n i t e d w i t h the 
previous p o s s i D i e source of e r r u r m t h a t the 
exact decay scnemes anu tne energies of tne y3 "* 
p a r t i c l e s are l e s s a c c u r a t e l y Known r o r tnese 
snort - l i v e d n s s i u u proaucts. Generally, the 
s h o r t e r - l i v e d products nave tne hignest 
exxergies, and tne c o r r e c t i o n r a c t o r ^and i t s lacK 
of p r e c i s i o n ) are corresponu.iij.giy small. The 
p o s s i o i e presence of conversion e l e c t r o n s i s one 
complication, Dut since most of these are o f low 
energy and w i l l oe absorbed m the Seiiotape 
covering, they may oe ignored. I n the case of 
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tv) Contcu 
B a 1 4 0 - -La 1 4 0, wnere tne energy o f the conversion 
e l e c t r o n s i s higher, the c o r r e c t i o n f a c t o r has 
oeen determined i n a separate experiment (page 40) „ 

( v i ) e r r o r s i n i g n o r i n g the independent y i e l d s of 
l a t e r memDers o f the decay cxiain. An exarranation 
or tne prooiem using G-lendenin arid C o r y e l l ' s 
tneory o f equal charge d i s t r i b u t i o n (5b) shows 

U'/ 
-tii-art—irhe^rKjst-i^ce^iy—sourc-es—of—e-rror—are -ZT 
and 3b^^ and these " f i l l oe examined m greater 

detail.. 

The enuation f o r the most proDaDie charge (Zp) i s 

Zp = Z A - Z A + ZA' - Zr 

where ZA and ZA' are tne most staDie cnarges 
of tne f i s s i o n fragments and Zf i s the cnarge of 
tne f i s s i o n i n g i s o t o p e 0 

Using G-lendenin and U o r y e l i ' s continuous ZA values, 
wnicn do not tatce i n t o account the closed s h e l l 
e f f e c t s , cumulative y i e l d s of greater than yy« 0% 
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are found f o r S b i a 9 ana f o r Z r 9 ' , assuming a V 

of 4 ( t h e value used i n p l o t t i n g the m i r r o r p o i n t s 
i n Pig. 14). A V of 3 w i l l increase the 
cumulative y i e l d s and a V of b gives 99. h% and 
9b. 0% f o r the cumulative y i e l d s of Sb129 and Z r 9 V . 
Using the ZA values of Pappas (59) who taices 
account of the closed s h e l l e f f e c t , cumulative 
y i e l d s of greater than 99 00% f o r S b i S 9 and Z r 9 ' 
are obtained., 

Wahi's e m p i r i c a l r e s u l t s (60) of Zp from tnermal 
neutron f i s s i o n of XT' f u r masses i n the region 
of 10b and 130 show a d e v i a t i o n from the values 
obtained i n the above c a l c u l a t i o n s . For exanpie 
Zp ( A = 129) i s 49. 9 by c a l c u l a t i o n (G-iendenin and 
O o r y e l l ) , but i s 50.3 from Wahi's r e s u l t s . This 
r e s u l t s i n a decrease from 99.0% t o y3. 3% i n the 
cumulative y i e l d f o r Sb . Wahl i n h i s work on 
14 MeV neutron f i s s i o n of U (35) showed t h a t 
tne Z - Zp c o r r e l a t i o n could be taicen as the same 
as t n a t f o r low energy f i s s i o n oy assuming a V 

of aoout b (which i s not unreasonab.fe), but he 
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considered, t h a t there was i n s u f f i c i e n t evidence 
t n a t tne nuclear charge d i s t r i b u t i o n p a t t e r n 
remained the same. Alexander and C o r y e l l ( b l ) 
found reasonable agreement w i t h the equal charge 
d i s t r i b u t i o n p o s t u l a t e m t n e i r work on u2*"^ and 
T h 2 3 2

 T r r f , r , i at.e.rt ny i-?s K M SV deutcrcric and f a s t 
neutrons, out poor agreement w i t h the unchanged 
charge d i s t r i b u t i o n theory. The l a t t e r , which 
p o s t u l a t e s t h a t the most provable charge t o mass 
r a t i o m a f i s s i o n fragment i s the same as m the 
f i s s i o n i n g nucleus result s i n cumulative y i e l d s of 
greater than yy.9% f o r Zr ( f o r V = 3, 4 or 5) 

and 93.3%, 89. • ( % and b4. 5% {for V = 3,4, and b) 
129 

f o r Sb . Thus, whatever basis of i n t e r p r e t a t i o n 
i s taken, i t appears t n a t Sb^ i s the o n l y n u c l i d e 
n i c e l y t o oe a f f e c t e d , and the e r r o r even i n t n a t 
case i s I i K e l y t o oe j e s s than 10%, and p o s s i b l y 
completely n e g l i g i b l e . 

Most of the p o i n t s on the mass/yield p l o t (Pig. 14) 
l i e w i t h i n 10% of the smooth curve and t h i s gives confidence 
m the curve as drawn, even though a number of standard 
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d e v i a t i o n s of i n d i v i d u a l y i e l d s are greater tnan ± i0<&o 

F i v e p o i n t s (masses B4, y i , 105, 111 and 12y) l i e g r e a t e r 
than 10% from the curve and i t i s necessary t o consider 
these i n d e t a i l w i t h respect t o the p o s s i b l e sources of 
e r r o r l i s t e d above 0 

84 
I n the case o f Br , any p o s s i b l e e r r o r s a r i s i n g from 

the chemical separation can oe ignored, since they would 
apply e a u a i i y t o Br"-"". The Seliotape aosorption f a c t o r i s 
low ( l 0 1 4 ) and i s n i c e l y t o oe one of the more accuj?a_tje, _ _ _ 
valueso The most l i v e l y source of e r r o r prooaoiy i n v o l v e s 
the r e s o l u t i o n of the B r t i 3 / B r a 4 decay curve. The l a t t e r 
has a n a i f - l i f e of 3 i . b minutes and the e x t r a p o l a t i o n 
a f t e r r e s o l u t i o n was normally over at l e a s t two h a l f - l i v e s . 
Any e r r o r here would oe expected t o show up as a h i g h 
standard d e v i a t i o n ; t h i s was not the case, however. ( 0 " ± 3%). 

y I 
I n the case o f Sr , the h a l f - l i f e i s w e l l e s t a b l i s h e d 

and the Sellotape aDsorption f a c t o r was determined e x p e r i ­
mentally. No p o s s i b l e d e v i a t i o n from s t o i c h i o m e t r y i n the 
oxalate monohydrate p r e c i p i t a t e could e x p l a i n the observed 
discrepancy between the y i e l d (4.5%) and tne value taKen 
from the smooth curve (3. 0%)„ 
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X0& 
The low Bu y i e l d ( 2 D u compared w i t h 3. b from the 

curve) i s very d i f f i c u l t to explain,, For example, even 
i f the f i n a l p r e c i p i t a t e was a l l RuO (and t n i s i s very 
u n l i k e l y ) , the chemical y i e l d s would have been overestimated 
by aoout 2b%. S i m i l a r l y , tne absorption r a c t o r would need 
t o oe increased t o an aDsurd extent t o account f o r the 
d i f f e r e n c e . I t may oe noted t n a t the mass/yieid curve i s 
v e r y steep at t h i s p o i n t , and a r e l a t i v e l y small displacement 
along the mass ax i s would produce a very ma need e r r o r i n . 
the y i e l d value. 

Mass I I I r e l i e s on r e s u l t s from a snort - l i v e d isotope 
and a long - l i v e d isotope, both of wnich have t h e i r d i s ­
advantages. The former ( P d 1 1 1 ) has a l a r g e p o s s i b l e e r r o r 
from a r e s o l u t i o n and an e x t r a p o l a t i o n over aoout 3 h a l f -
l i v e s , w h i l e tne l a t t e r ( A g 1 1 1 ) had very low count rates. 
Witn the neutron i n t e n s i t i e s avaiiaDie, a more preci s e 
r e s u l t could not De obtained. 

|gy 
Sb has already been considered i n r e l a t i o n t o the 

cumulative f i s s i o n y i e l d . Hageoo et a l . (62) has snown 

the presence of a l o n g - l i v e d precursor o f Sb , namely 
I P 9 

Sn ° ( h a l f - l i f e l . 0 h r ) . He estimates, however, t h a t 
109 

the r a t i o o f the short - l i v e d Sn (ts. w minutes) to the 
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long - l i v e d S n i 2 y i n thermal f i s s i o n of u s 3 5 i s about 
l 0 s i o However, c a l c u l a t i o n s show t h a t the d i f f e r e n c e i n 
f i s s i o n y i e l d m assuming t h a t a l l the S b i s 9 i s d e r i v e d 
from the 1 hour h a l f - l i f e precursor i s o n l y aDout 10%. 
The c a l c u l a t i o n i s cased on a 4 hour i r r a d i a t i o n f o l l o w e d 
by a 2 hour p e r i o d before beginning tne antimony separation. 

lOb 
The remark r e l a t i n g t o Ru app l i e s w i t h eoual f o r c e i n 
t h i s case. 

The choice o_f tne_ exact po.sit-i.on-o£ tne- c-u^v-e-ia.-^t-he 
t r o u g h r e g ion i s very d i f f i c u l t m view of the f a c t t n a t 
masses 106 ( m i r r o r p o i n t of 189), 109 and i l l a l l have 
approximately the same y i e l d ana are a l l , t o some degree, 
more prone t o e r r o r tnan most of tne otner p o i n t s . There 

ipu I no 
were only two determinations of the Sb y i e l d , the Pd 
r e s u l t s i n c l u d e the mathematical r e s o l u t i o n of the 
P d l 0 9 / P d l i 2 decay curve and AgJ"1J'/Pd11"L nas been aiscussed 
above. Redrawing the curve t o pass tnrough tne Sb 1^ 9 p o i n t 

I Ob 

would also i n c l u d e tne Ru p o i n t i n wnose accuracy there 
i s more confidence than the p o i n t s f o r masses 129, lOy and 
i n . 

I n drawing tne mass/yield curve assumptions have t o 
be made aDout tne numoer of secondary neutrons, ana i t i s 

l i u -



conventional t o assume t h a t the mean value ( V ; can oe 
a p p l i e d over the whole range of mass r a t i o s . P a r r a r and 
Tomimson {G'6) have, i n f a c t , shown t h a t i n thermal neutron 
induced f i s s i o n , the t o t a l numuer of secondary neutroxis 
i s sensiDly independent of the mass r a t i o of tne fragments, 
although the d i s t r i b u t i o n between l i g h t and heavy fragments 
showed a str o n g dependence upon the mass r a t i o . T h e i r 
experiments would not have snown up any d e t a i l e d f i n e -
s t r u c t u r e i n the secondary neutron y i e l d p a t t e r n , and i t i s 
-not-at a n oeyond- tne bound-s-o-f—posm-b-i-i-i ty^ that-some—of—the— 
anomalies apparent i n tne pj'esent curve (as i n tnoce found 
i n previous work^ a r i s e from l o c a i v a r i a t i o n s i n tne 
secondary neutj.-oii/fragxnent mass r e i a t i u n s r u p . I f tne "two -
mode" concept of f i s s i o n introduced by TurKevich and fJiday 
(b4) i s accepted, tnen i t must oe remarked t n a t tne r e s u l t s 
o f P a r rar and Tomlmson apply t o thermal neutron ino.uced 
f i s s i o n , wnere omy the asymmetric mode i s assumed t o oe 
e f f e c t i v e , wnereas tne present discrepancies l i e i n the 
t r o u g n region, wnere, at 14 meV, the a l t e r n a t i v e , e s s e n t i a l l y 
symmetrical, iuode i s dominaxit, and f o r which tne secondary 
neutron d i s t n o u t i o n p a t t e r n may w e n not snow the "saw 
t o o t n " shape found by P a r r a r and Tomiinson. 
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i n tne present woric i t nas not Deen p o s s i b l e , w i t n 
tne neutroxi i n t e n s i t i e s avanaoxe, t o neasure maepenaentiy 
tne y i e l d s of i s o m e t r i c p a i r s of products. Such, i n f o r m a t i o n 
would De of considerable i n t e r e s t i n r e l a t i o n t o tne 
possioj.e i n t e r p r e t a t i o n s of the "two moae" nyputnesis, out 
from the present evidence no f u r t h e r c l e a r conclusions on 
t h i s subject can be drawn. 
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