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ABSTRACT 

The r e l a t i v e y i e l d s of 8 mass chains "both i n the 

f i s s i o n of Th "by 3- and 14-Mev. neutrons have "been 

measured ra d i o c h e m i c a l l y . The measured r e l a t i v e y i e l d s 

were c o r r e c t e d to t o t a l chain y i e l d s hy applying- the 

egual charge displacement hypothesis. The r e l a t i v e 

y i e l d s v/ere converted to absolute y i e l d s hy imposing the 

condition that the sura .of a l l the f i s s i o n products must he 

200^. 

Use has "been made of the measured r e l a t i v e y i e l d s 

of near complementary fragments to determine the nxanber 

of secondary neutrons emitted hy a few fragment p a i r s . The 

numher of secondary neutrons emitted hy mass numher 145 

and i t s complementary fraynent i n 14-Llev neutron f i s s i o n 

was found to he 4.Q4 and hy mass numher 132 and i t s 

complementary frai^ment i n 3-Mev neutron f i s s i o n to he 

2.30. 

The mass, y i e l d curves obtained i n the present 

i n v e s t i g a t i o n s showed the precTominence of asymmetric 

f i s s i o n a t the lower e x c i t a t i o n energy. The maxima of the 

peaks f o r 14-Mev f i s s i o n were at mass numbers 91.00 and 

137.96, while those f o r 3-Mev neutron f i s s i o n were at 

mass numbers 91.55 and 139.28. An explanation of the 

r e l a t i v e change of the pealc maxima at d i f f e r e n t energies has 

been put forward. 
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1. 
CHAPTER I 

! 

I N T R O D U C T I O N 

1. Nuclear F i s s i o n ; 

S h o r t l y a f t e r the disc o v e r y of the neutrons i n 1932, 

F e r m i i n I t a l y bombarded uranium with neutrons i n an e f f o r t 

to produce elements beyond uranium i n the p e r i o d i c t a b l e . He 

observed that the bombarded uranium gave r i s e to s e v e r a l ^ -

a c t i v e products and that h a l f - l i v e s of these r a d i o a c t i v e 

n u c l i d e s did not correspond to h a l f - l i v e s of any known heavy 

element-. He, t h e r e f o r e , concluded that the a c t i v i t i e s i n 

question should be a t t r i b u t e d to t r a n s u r a n i c elements having 

atomic number 93 or higher, produced by ^ - e m i s s i o n from 

uranium n u c l e i f o l l o w i n g the capture of neutrons. 

I n order to i n v e s t i g a t e more f u l l y the nature of the 

r a d i o - n u c l i d e s foraed during such neutron i r r a d i a t i o n of uranium 
2 3 

("and of thorium) Curie and S a v i t c h ' ' i n prance and Hahn, 
4 

Straslsman and Meitner i n Germany chemically separated the 

r a d i o - n u c l i d e s from uranium. They showed that some of the 

a c t i v i t i e s formed during the bombardment of uraniiun v/ere due 

to r a d i o a c t i v e barium or lanthanum. At t h i s stage, Meitner 

and p r i s c h gave the c o r r e c t explanation of the experimental 

data, namely that i n s t e a d of forming a t r a n s u r a n i c element, 

the uranium nucleus s p l i t i n t o two fragments of unequal masses. 

2 2 JUN1965 
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2. 

T h i s process of s p l i t t i n g of a heavy nucleus i n t o two p a r t s 

they termed " f i s s i o n " . S h o r t l y afterwards, Bohr and \7heeler 
235 

p r e d i c t e d on t h e o r e t i c a l grovinda that i t i s the isotope u 
which undergoes f i s s i o n as a r e s u l t of the capture of the 

slow neutrons,' The phenomenon was confirmed experimentally 
7 8 

by p r i s c h and j o l i o t who measured the i o n i z a t i o n produced 

by the f i s s i o n products. 

The terra " f i s s i o n product" i s used to r e f e r to^vinclude 

the " f i s s i o n fragment si" as w e l l as t h e i r r a d i o a c t i v e decay 

products. The f i s s i o n fragments are g e n e r a l l y unstable 

and an understanding of t h e i r i n s t a b i l i t y may be obtained 

from t h e i r neutron-proton r a t i o s immediately a f t e r f i s s i o n . , 

The neutron-proton r a t i o of the compound nucleus undergoing 

f i s s i o n i s considerably g r e a t e r than the corresponding 

r a t i o s of s t a b l e n u c l i d e s formed during f i s s i o n . Although 

a number of neutrons may a l s o be r e l e a s e d at the i n s t a n t 

of f i s s i o n , the main fragment g e n e r a l l y r e t a i n approximately 

the same neutron-proton r a t i o as the f i s s i o n i n g nucleus, 

such neutron-excess f i s s i o n fragments decay by a s e r i e s of 

s u c c e s s i v e ^ - e m i s s i o n s to produce n u c l i d e s which are 

i n c r e a s i n g l y c l o s e to the neutron-proton nuclear s t a b i l i t y 

l i m i t . ^ -emission may l e a v e the f i s s i o n product i n an 

e x c i t e d s t a t e , J ^ - r a y s are then emitted from such a f i s s i o n 

product to remove t h i s excess energy. The r e s u l t a n t 

i s o b a r i c secLuence of f i s s i o n product decay i s c a l l e d a 



3, 

" f i s s i o n chain". A l a r g e number of f i s s i o n chains have 

already been i d e n t i f i e d i n f i s s i o n products,. Some t y p i c a l 

examples of such chains are given belowr 

•6h Te^^ 
33s Z r ^ i ^ 2 . 4 m Nb^^466h Mo^^^^-

2.1 X 1 0 > Te 5„ „_99y^ 

QQ 
Rû '̂ C s t a b l e ) 

2,6m S n l 3 . ^ 7 . 1 m S^^^^^r,^^^^ ( s t a b l e ) 

69s S e ^ 2 ^ - 114m Kr^^"' 

/ ^ ^ 2 . 4 h B r ^ ^ - - - ^ ]r 

25m Se Kr83 ( s t a b l e ) 

The independent f i s s i o n - y i e l d of a n u c l i d e i s the 

f r a c t i o n or percentage of the t o t a l number of f i s s i o n s i n 

which t h a t n u c l i d e i s formed as an i n i t i a l fragment. Because 

of the r a p i d decay of many of these fragments, the 

experimental determination of the independent y i e l d of a given 

mass-chain i s d i f f i c u l t . Again, a f t e r s u f f i c i e n t time has 

elapsed f o r complete decay of i t s - a c t i v e precursors, by 

measuring the y i e l d of any n u c l i d e i n a mass-chain, one can 

determine the cumulative y i e l d and t h i s does not include the 

c o n t r i b u t i o n of the l a t t e r members of the mass-chain. 



However, the independent y i e l d s of f i s s i o n product members 

of v a r i o u s mass-chains, e s p e c i a l l y y i e l d s of shielded n u c l e i 

have been determined and c o r r e l a t e d to give the charge 

d i s t r i b u t i o n i n f i s s i o n . 

Measurements of such independent y i e l d s have shovm that 

the n u c l e a r charge f o r any given mass, Z^, i s u s u a l l y d i s t r i b u ­

ted about the most probable charge Zp. For low and medium 

energy f i s s i o n t h i s . d i s t r i b u t i o n i s best accounted f o r by the 

hypothesis of 'Egual Charge Displacement'"^^ which may be 

w r i t t e n as 

For high energy r i s e i o n , r e s u l t s are oest f i t t e d by the 

concept of an "Unchanged Charge D i s t r i b u t i o n " ^ ^ i . e . 

j f i s s i o n products = f i s s i o n i n g nucleus 

Prom these hypotheses i t i s p o s s i b l e to obtain a value f o r 

the independent y i e l d f o r any n u c l i d e of mass A as a f r a c t i o n 

of the cumulative y i e l d f o r the chain. 

For a b e t t e r understanding of the f i s s i o n process, mass 

y i e l d s are needed to determine the mass d i s t r i b u t i o n i n f i s s i o n 

* Where, L and H r e f e r s to l i g h t and heavy fragment r e s p e c t i v e l y . 



5. 

and independent y i e l d s are needed to determine the charge 
d i s t r i b u t i o n i n mission. I n e i t h e r case, absolute y i e l d s 
are required to f i n d the formation c r o s s - s e c t i o n of a 
p a r t i c u l a r mass chain or a p a r t i c u l a r isotope. A d i r e c t 
determination of the absolute y i e l d of a given n u c l i d e 
.requires, knowledge of ( i ) the t o t a l number of f i s s i o n 
events o c c u r r i n g i n the sample considered and ( i l ) the 
t o t a l number of n u c l e i of that species, which had r e s u l t e d 
from the measured number of f i s s i o n s . Since the d i r e c t 
measurement of absolute f i s s i o n y i e l d .is r a t h e r d i f f i c u l t , ; 
i n g e n e r a l , y i e l d s are determined r e l a t i v e to a reference 
n u c l i d e . These r e l a t i v e y i e l d s , are then made absolute by 
applying the c o n s i d e r a t i o n t h a t s i n c e each f i s s i o n i n g nucleus 
g i v e a two main fragments the sum of a l l the f i s s i o n y i e l d s , 
must equal 200^. 

iilthough the i n i t i a l radiochemical work r e l a t e d to the 

i d e n t i f i c a t i o n of the n u c l i d e s and t h e i r r a d i o a c t i v e decay 

c h a r a c t e r i s t i c j the emphasis of such work i s now concerned 

with measurement 'of q u a n t i t a t i v e cumulative y i e l d s of f i s s i o n 

c hains and where p o s s i b l e the independent yields, of 

i n d i v i d u a l f i s s i o n product i s o t o p e s . I t f o l l o w s , therefore,, 

t h a t the determination of c r o s s - s e c t i o n of nuclear r e a c t i o n s 

and n u c l e a r f i s s i o n , and the determination of the number of 

prompt and delayed neutrons on f i s s i o n come under the domain of 



radiochemistry. The f i s s i o n product y i e l d s a l s o can be 

determined m a s s - s p e c t r o m e t r i c a l l y with considerable accuracy, 

but such determinations are p o s s i b l e only where s u f f i c i e n t 

atoms are produced f o r mass-spectrometer sources. on the 

c o n t r a r y , such cases i n a d d i t i o n to those i n which the number of 

f i s s i o n s produced are too low to produce a s u f f i c i e n t ion-

c u r r e n t f o r mass-spectrometric s t u d i e s , f i s s i o n y i e l d s can 

be deteiTOined by the radiochemical technigue. i n s p i t e 

of the d i f f i c u l t i e s of determining the absolute d i s i n t e g r a ­

t i o n r a t e s , the accuracy of t h i s method i s now v/ithin 10^. 

2. M a s s - D i s t r i b u t i o n . 

Though the main products of the f i s s i o n of heavy n u c l e i 

l i e between mass numbers 72 and 162 and between atomic 

numbers 30 and 65, t h e i r i n d i v i d u a l y i e l d s d i f f e r to a great 

extent. As s t a t e d e a r l i e r , a s e r i e s of products with the 

same mass niomber A i s c a l l e d a f i s s i o n product chain and one 

of the main goals of radiochemistry i s to measure q u a n t i t a t i v e - . 

l y the y i e l d of i n d i v i d u a l f i s s i o n chain and where p o s s i b l e , 

the independent y i e l d of i n d i v i d u a l f i s s i o n product isotopes. 

The cumulative chain y i e l d y ( a ) i s defined as 

/ A _ (Number of product n u c l e i of mass no. A) x 100;^ 
^^^^ ~ (Number of f i s s i o n e d n u c l e i ) 

A p l o t of chain y i e l d against mass'number i s c a l l e d a f i s s i o n 

y i e l d curve. T h i s concept of f i s s i o n y i e l d curve i s due to 
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TO 

c 
.2 
w 

10' 

10* 

o thermal neutrons 
• 14-Mev. neutrons 

I 1 I I I t I I I t I i L J . 
SO 90100 110 120130 140 150 > 

Mass Number 
Fig. 1. The mass distribution of issloh products 



12 Fermi and h i s co-workers and has subsequently developed 
i n t o mass-yield d i s t r i b u t i o n curve f o r f i s s i o n . 

235 

S p l i t t i n g of U with thermal as w e l l as fast neutrons 

i s one of the most i n t e r e s t i n g and one of the most 

e x t e n s i v e l y studied phenomenon of nuclear f i s s i o n . This mass-
13 

y i e l d d i s t r i b u t i o n i s shown i n pig. 1. T h i s i s a r e s u l t 

of radiochemical and mass spectroraetric i n v e s t i g a t i o n s made 

over a range of 90 mass units: and 35 charge u n i t s and repre­

sents the maas d i s t r i b u t i o n of f i s s i o n products a f t e r 

neutron emission. 

The most s t r i k i n g f e a t u r e of the curve i s the 

presence of two l a r g e maxima with a very deep minimum between 

them. The minimum occurs at mass numbers corresponding to 

symmetric f i s s i o n , which i s thus seen to be very u n l i k e l y to 

occur. The most probable d i v i s i o n , as the p o s i t i o n s of the 

max.ima show, i s i n t o fragments of unequal masses i . e . 

unsymmetric f i s s i o n . Measurement of mass d i s t r i b u t i o n from 

k i n e t i c energy measurements of f i s s i o n fragments confirms a l s o 
14 

t h i s s o r t of asymmetric f i s s i o n . I t i s of i n t e r e s t to 

note that though symmetric f i s s i o n i s f a r l e s s probable than 

asymmetric f i s s i o n , a very asymmetric f i s s i o n i s much l e s s 

probable than the symmetric one. 

Another f e a t u r e of the mass y i e l d d i s t r i b u t i o n i s the 

r e l a t i v e change i n symmetric and asymme t r i e f i s s i o n with 
e x c i t a t i o n energy. The mass y i e l d curves, obtained^^ 



f o r the spontaneous f i s s i o n of U^^^, Pu^^°, Cm̂ '̂ ^ and Cf^^^ 

show an e s s e n t i a l l y undetermined v a l l e y . For thermal 
235 

neutron induced f i s s i o n of U the peak to v a l l e y r a t i o i s 

i n the region of a few hundred.'^® A compilation'^''' of the 

peak to v a l l e y r a t i o s i n the f i s s i o n of.various target 

n u c l e i by d i f f e r e n t p a r t i c l e s of various energies shows, 

the general i n c r e a s e of the v a l l e y to peak r a t i o with 

i n c r e a s i n g e x c i t a t i o n energy. T h i s p a t t e r n of f i s s i o n product 

y i e l d as a f u n c t i o n of energy of bombarding p a r t i c l e s seems 

to be l a r g e l y independent of the target element or the 

bombarding p a r t i c l e s . A ssociated with the i n c r e a s e i n 

bombarding energy i s an i n c r e a s e i n the width of the mass 

y i e l d d i s t r i b u t i o n that i s the twin peaked asjrmnetric mass 

y i e l d d i s t r i b u t i o n i s narrower than the s i n g l e pealced mass 

y i e l d d i s t r i b u t i o n . 

RadUocheraical and mass spectrometric a n a l y s i s of f i s s i o n 

product y i e l d d i s t r i b u t i o n has shown the e x i s t e n c e of 

d e v i a t i o n s from the smooth mass, y i e l d curve. Though the y i e l d 
235 

curve f o r the thermal neutron f i s s i o n of U was o r i g i n a l l y 
18 

drawn as a smooth curve, with two peaks of asymmetric 
19 

f i s s i o n , mass spectrometric s t u d i e s of Kr and Xe f i s s i o n 
i s o t o p e s showed the presence of f i n e s t r u c t u r e i n tfte y i e l d 

curve with Kr and Xe y i e l d s about 35̂ S too high to f i t 

the smooth curve. According to G l e n d e n i i F t h i s i s due to 82 



9. 

neutron closed s h e l l causing c r o s s - c h a i n branching. To 
21 

f i t t h i s p o s t u l a t e to other experimental r e s u l t s Pappas 

extended the c h a i n branching mechajiism to i n c l u d e the 3rd, 

5th and 7th neutrons i n excess of the 82 neutron closed s h e l l . 
22 

Recent c a l c u l a t i o n s by TerreHl o f f e r an a l t e r n a t i v e 

explanation of the observed f i n e s t r u c t u r e on the b a s i s of the 

change of neutron emission p r o b a b i l i t i e s , from mass to mass. 
3. F i s s i o n of Th^*^^. 

The d i s c o v e r y of the f i s s i o n of uranium immediately l e d 

to i n v e s t i g a t i o n s to determine whether other n u c l e i are 

f i s s i o n a b l e . Although neutron induced f i s s i o n i s s t i l l the 

most important, other p a r t i c l e s v/ith high energy such a s 

protons, deutrons, a l p h a - p a r t i c l e s e t c . has been used and 

i n f a c t , i f the energy of the p r o j e c t i l e i s high enough, any 

heavy nucleus w i l l undergo f i s s i o n . Prom the i n d u s t r i a l 

point of view, f i s s i o n by thermal neutrons i s at present by 

f a r the most important. T h i s work has been l a r g e l y confined 
235 

to the h e a v i e s t n u c l i d e s . U i s one of those which occur 

i n nature i n appreciable q u a n t i t i e s aadl has been serving as 

the b a s i s f o r p r a c t i c a l l y the e n t i r e n u c l e a r energy programme. 

Two other n u c l i d e s usable as f i s s i o n a b l e m a t e r i a l i n nuclear 
p i z i z 239 

power p l a n t are U and Pu . Since they do not occur i n 

nature, they are produced by s u i t a b l e n uclear r e a c t i o n s from 

Tli^*^^ and Û "̂ ^ r e s p e c t i v e l y . These l a t t e r m a t e r i a l s which 
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are not themselves f i s s i o n a b l e by .thermal neutrons, are 
known as f e r t i l e m a t e r i a l s : 

Th^^2 n l Th^33^- ph233^- 233 
90^^ + o" > 9 0 ™ — ^ 9 r ^ ^ 9 2 ^ 

One of the problems now under c r i t i c a l study i n commercial 
232 238 

power pr o d u c t i o n i s the use of Th and U i n breeder 
re a c t o r s i n which i t i s hoped t o produce more f i s s i o n a b l e 

232 
m a t e r i a l than i s consumed. Though Th does not undergo 

f i s s i o n by thermal neutrons and hence has the p o s s i b i l i t y 

of being used i n breeder r e a c t o r s , i t undergoes f i s s i o n 
232 

by f a s t neutrons. The study of the f i s s i o n of Th received 

i n t e r e s t because of general c u r i c . s i t y and i t s possible use 

as breeder. Moreover, the knowledge of the y i e l d and mode 

of thorium f i s s i o n are needed t o i n d i c a t e such things as 

s h i e l d i n g , h e a l t h hazard, decontamination problems and 

poisoning of the f i s s i o n r e a c t i o n . 
S h o r t l y a f t e r the neutron f i s s i o n of uranium f i s s i o n 

23 
of Th was confirmed. Other early experiments showed t h a t 

24 
thorium f i s s i o n was asymmetric w i t h a cross-section of about 
10"^^cm? and r e q u i r i n g f a s t (0.5 t o 2.4 -Mev) neutrons. 

27 
B a l l o u and h i s co-v/orkers d i d some work on the f i s s i o n of 

thorium f o r the Manhattan p r o j e c t , but most work on thorium 

was t e m p o r a r i l y postponed because of the more promising 

p o t e n t i a l i t i e s of U^^^ du r i n g the 1939-44 Yfar. 
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Since the mass y i e l d curve of U f o r i t s thermal 

neutron f i s s i o n was determined, the mass y i e l d curves of 

various other t a r g e t n u c l e i have "been determined using 

i n c r e a s i n g l y energetic "bomharding p a r t i c l e s . A rad i o -

C h e m i c a l study of Th w i t h p i l e - n e u t r o n s of estimated 
e f f e c t i v e energy of 2.6-Mev was published "by Turkevitch and 

28 
Niday i n 1951. This was followed hy a s i m i l a r i n v e s t i g a -

29 
t i o n i n v/hicli T urkevitch et a l •bom'ba3?ded L i w i t h 7.6-rjev 
deutron t o obtain neutrons w i t h a maximum energy of 21-Hev,= 
Their c a l c u l a t i o n s i n d i c a t e d t h a t most of the neutrons had 
energies l e s s than 14 Llev, t h a t the m a j o r i t y of the f i s s i o n 
events were caused hy neuta?ons w i t h energies "between 6 t o 
14-Mev and t h a t 10^ of the f i s s i o n events were induced hy 
neutrons w i t h energies (greater uhan 14-Hev. Their e r r o r was 
alsout 20^ and they could not i n d i c a t e any f i n e s t r u c t u r e 
i n the y i e l d curve. Th® valley-to-peak r a t i o of the y i e l d 
curve v/as 0.1 i n contrast t o about 0.01 obtained i n the p i l e 

232 
neutron f i s s i o n o f Th . Using t h i s v a l l e y t o peak r a t i o 
as. a measure of symmetric t o asymmetric f i s s i o n , they 
decided t h a t t h i s r a t i o increases w i t h increasing f i s s i o n i n g 

30 
energy. Alexander and C o r y e l l used 0 t o 19 Mev neutrons 

232 
from b e r y l l i u m - d e u t r o n r e a c t i o n t o bombard Th w i t h 

31 
s i m i l a r r e s u l t s . A recent p u b l i c a t i o n of Lyl e et a l has. 

shown t h a t f o r the monoenergetic 14.7 Mev neutrons induced 
f i s s i o n of Th^*^^ the v a l l e y t o peak r a t i o i s about 0.19,. 
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32 232 

Another study of Th using 14.9-Mev neutrons gives an 
estimated v a l l e y t o peak r a t i o of about 0.17. 

I n the f i s s i o n of somewhat l i g h t e r elements, f o r example 
209 

the f i s s i o n of B i w i t h 42-Mev a l p h a - p a r t i c l e s only a 
s i n g l e narrow peak appears. I n the intermediate nucleus 

226 
Ra bombardment w i t h 30.8- and 38.7-Mev alpha p a r t i c l e s . 
g i v e a f i s s i o n y i e l d curve w i t h three peaks whereas bombardment 

238 
of U w i t h 29.4- and 42.0-Mev neutrons produces y i e l d curves 

•ZtT 

With only two peaks. The p o s s i b i l i t y of a t h i r d peak, 

i n ^he trough regnjon of neutron induced f i s s i o n of Th^*^^ i s 

not r u l e d out by the r e s u l t s of Turkevitch and Niday 

on, the p i l e neutron f i s s i o n or even by those of Turkevitch 
29 232 et a l on the Li+D-neutron f i s s i o n of Th . The results. 

34 
of the recent c a l c u l a t i o n s by Newson shows a t h i r d peak 

232 
f o r the f i s s i o n of Th by 2.8-Mev neutrons. The i n v e s t i -
g a t i o n of l y r e et a l i n d i c a t e d the presence of a small 
t h i r d peak i n the p i l e neutron f i s s i o n of Th^^^ i n the 
symmetric region of the mass y i e l d curve, whereas the r e s u l t s 

31 36 37 
of some other i n v e s t i g a t i o n s ' * were inconclusive. 

Radiochemical and mass spectrometric analysis of 

f i s s i o n product y i e l d s have demonstrated the existence of 

d e v i a t i o n s from the smooth mass y i e l d curve. This i s 

p a r t i c u l a r l y .true i n the r e g i o n of masses 100 and 135 f o r the 

f i s s i o n of U^^^ by thermal n e u t r o n s . F i n e s t r u c t u r e 
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of the mass y i e l d curve of several o-ther heavy elements 
has also been observed by many investigators.^^''"^''^^ Such 

f i n e s t r u c t u r e has r e c e n t l y been observed i n the f a s t neutron 
232 43 f i s s i o n of Th by Kennett et a l and i n the l4.8- and 2.95-Lev 

neutron f i s s i o n by Broom. Other works ' could not 
r 

produce any evidence f o r f i n e s t r u c t u r e i n the p i l e as w e l l 
2*52 

as monokinetic neutron induced f i s s i o n of Th . 
I t has been observed- t h a t as the mass of the compound 

f i s s i o n i n g nucleus i s increased the f i s s i o n product mass 

d i s t r i b u t i o n e x h i b i t s a s h i f t of the l i g h t mass peak towards 

greater masses but the heavy peak remains e s s e n t i a l l y the 

same. on the other hand f o r the same f i s s i o n i n g nucleus, 

i t appears t h a t w i t h the i n c r e a s i n g e x c i t a t i o n energy the 

l i g h t peak remains f i x e d w h i l s t the heavy peak tends to move 

towards l i g h t e r masses.. This e f f e c t has already been observed 

w i t h both U^^^ and U^^^^^ 
232 

I n the case of Th f i s s i o n s t a r t i n g from p i l e up t o 
14-Mev neutrons, the p o s i t i o n of the mass no. at the 
maximum of l i g h t peak l i e s at 91 + 1, v;hereas the p o s i t i o n 
of the mass no. at the maximum of the heavy peak does not 

. ^ •.. 28,29,35,36,31,32 seem t o f o l l o w any r e g u l a r i t y . » » » ' » 
The number of prompt neutrons emitted i n nuclear f i s s i o n 

i s of utmost p r a c t i c a l importance i n the a p p l i c a t i o n of 

nuclear chain r e a c t i o n s i n nuclear reactors, or explosions. 
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The measurement of neutron emission p r o b a b i l i t i e s i s 
of p a r t i c u l a r i n t e r e s t , since i t provides a measure of the 
e x c i t a t i o n energies of the f i s s i o n fragments at the time 
of s c i s s i o n and since the knov/ledge of the magnitude and 
dependence on f i s s i o n mode of these energies i s . basic t o a 

d e s c r i p t i o n of the f i s s i o n process. A number of measurements^ 

have been made f o r v , the average number of prompt neutrons 

emitted per f i s s i o n from 3,5- t o 14.9-Mev neutron induced 
232 

f i s s i o n of Th and a l i n e a r r e l a t i o n s h i p has been obtained 
— AO 

f o r V against energy of the f i s s i o n i n g neutrons. i n most 
of these works the technique used was t o detect and measure 
f i s s i o n fragments and prompt neutrons simultaneously. 

Recently there has been experimental evidence t h a t the 
neutron y i e l d from f i s s i o n fragments i s not simply equally 
d i v i d e d between l i g h t and heavy frag-ments, but, i s a more 
complicated f u n c t i o n of fragment mass. This strong v a r i a t i o n 
of neutron y i e l d w i t h fragment mass was f i r s t reported by 
S'raser and M i l t o n " ^ f o r the thermal neutron f i s s i o n of Û '̂ '̂ . 

50 
Stein and Y/hetstone also re p o r t e d how the t o t a l number 

252 
of prompt neutrons emitted i n spontaneous f i s s i o n of Cf i s 

a f f e c t e d by the d i v i s i o n of the mass between fragments and 

by ^he amount of energy going i n t o k i n e t i c energy of the 
51 

fragments. ^Shetstone's. r e s u l t s f o r the spontaneous 

f i s s i o n of Cf^^^ give a c l e a r i n d i c a t i o n t h a t prompt neutrons 

are emitted p r e f e r e n t i a l l y by the heaviest l i g h t fragments 
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and the heaviest heavy fragments. A recent experiment 
235 

on the neutron f i s s i o n .of U has also .shoim t h a t the 

number o f neutrons emitted from i n d i v i d u a l fragments v a r i e s 

?/ith the mass number of the e m i t t i n g fragments. i:o such 
232 

measurements appear t o .have been made f o r Th f i s s i o n . 

induced by neutrons. 
Purpose of the present \/ork; 

The purpose of the present i n v e s t i g a t i o n was f i r s t l y 

t o determine p r e c i s e l y the r e l a t i v e f i s s i o n y i e l d s of a 
few selected n u c l i d e s produced d u r i n g the 3- and 14-Llev. neutron 

232 
induced f i s s i o n of Th i n an e f f o r t t o f i n d out some 

i n f o r m a t i o n about the emission o f secondary neutrons during 

such f i s s i o n s , and secondly t o use the measured r e l a t i v e 

y i e l d s t o draw mass-yield curves t o examine the e f f e c t of 

the energy o f the bombarding neutron on the p o s i t i o n s 

of the peak-maxima. 
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CHAPTIIR I I 

1. I n t r o d u c t i o n 

The determination of r e l a t i v e mass y i e l d requires 
f o u r main operations — the production of f i s s i o n i n Th^^^ 
by neutrons, separation and p u r i f i c a t i o n of a p a r t i c u l a r 
i s o t ope, the determinf.tion of the number of atoms of t h i s 
isotope r e l a t i v e t o the reference isotope and the c o r r e l a ­
t i o n of the r e s u l t s thus obtained. 

To avoid possible c o n t r i b u t i o n t o some f i s s i o n 
products by daughter a c t i v i t i e s i n i t i a l l y present, the thorium 
sample t o be i r r a d i a t e d was p u r i f i e d when necessary before 
i r r a d i a t i o n ^ Thorium n i t r a t e or where i n i t i a l p u r i f i c a t i o n 
was necessary, thorium-hydroxide vas i r r a d i a t e d w i t h l-C- and 
3- Mev. neutrons produced by the D + T and D + D reactions 
r e s p e c t i v e l y . To make allowance f o r the e f f e c t of 
f l u c t u a t i o n of the neutron f l u x on the y i e l d of d i f f e r e n t 
n u c l i d e s the neutron y i e l d was monitored throughout the 
i r r a d i a t i o n . ^ 

The gross separation of an isotope i s performed 
chemically aided by the addition of a c a r r i e r . j::ifter 
i r r a d i a t i o n the t a r g e t m a t e r i a l i s dissolved and c a r r i e r s 
added f o r the f i s s i o n products t o be separated. To reduce 
e r r o r s due t o adsorption of f i s s i o n products on glassware etc. 
andjbmaintain the y i e l d s as h i g h as po s s i b l e , c a r r i e r s were 
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added t o the v/hole of the s o l u t i o n , thus r e s t r i c t i n g the 
choice of elements t o be separated from an i r r a d i a t e d 

sample by the c o m p a t a b i l i t y of the added c a r r i e r s and the 

requirements p e r t a i n i n g " t o the chemistry needed f o r the 

separation of each element. 

I s o t o p i c exchange between the i n a c t i v e c a r r i e r 

and the a c t i v e f i s s i o n products i s ensured by recommended 

procedures such as s t i r r i n g , d i g e s t i o n or redox cycles 

etc. The gross separation and p u r i f i c a t i o n of an isotope 

i s done chemically through repeated cycles of chemical 

operations designed t o reduce contamination by other f i s s i o n 

products. The methods used i n the present i n v e s t i g a t i o n 

are based upon published radiochemical procedures f o r the 

i s o l a t i o n of f i s s i o n products w i t h s u i t a b l e m o d i f i c a t i o n s 

t a k i n g i n t o account the chemistry of Th i n the s o l u t i o n 

and the presence of an need f o r separating other elements. 
Reference t o such procedures f o r i n d i v i d u a l f i s s i o n products 

i s quoted i n appropriate s e c t i o n of the t h e s i s . i n order 
97 

t o i n t e r - r e l a t e the r e s u l t s o f various runs, 17.0 hr. Zr 
produced during the f i s s i o n was chosen as the reference element 

and the y i e l d s of a l l other nuclides are determined r e l a t i v e 
97 

t o t h a t of zr . 
The determination of the number of atoms of the 

separated and p u r i f i e d isotopes has been done by counting 
w i t h an end-window gas-flow ^ - p r o p o r t i o n a l counter. This 
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was done by c a l i b r a t i n g i t against 47^ gas-flow 
^ - p r o p o r t i o n a l counter. TiVhere such c a l i b r a t i o n was not 

p o s s i b l e due t o short h a l f - l i f e of the species coiinted, 

e i t h e r e x t r a p o l a t i o n was made from other c a l i b r a t i o n curves 

t a k i n g account of the -energies of the species concerned 

and the e l e c t r o n density of the source or using other 

radioisotopes o f comparable decay scheme and energies. 
4 ^ - p r o p o r t i o n a l couhters can be used t o determine 

52 
the f i s s i o n y i e l d s . The main advantage of t h i s method 
i s the e l i m i n a t i o n of many c o r r e c t i o n f a c t o r s required i n 
the end-v/indow counter method. But t h i s method requires 
more s e n s i t i v e determination of c a r r i e r s . I t also involves 
a tedious method of production of 47f sources a f t e r each 
i r r a d i a t i o n . Use of an end-window p r o p o r t i o n a l counter 
f a c i l i t a t e s r a p i d exchange of sources when several • 
sources ar*e? counted and absolute d i s i n t e g r a t i o n rates of 
the sources are obtained by once c a l i b r a t i n g the counter 
f o r each n u c l i d e against 47rcounter. ISach sample i s counted 
l o n g enough t o keep s t a t i s t i c a l e r r o r as small as possible 
and t i l l the decay i s complete. 

The gas-flow end-window p r o p o r t i o n a l counter does 
not d i r e c t l y determine the mass number or atomic number of 
the detected a c t i v i t y , but because of the extensive work 
t h a t has been done - on many isotopes there i s u s u a l l y l i t t l e 
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doubt as to which isotope i s being counted. The 

genetics of the f i s s i o n product decay chain i n the f a s t 
232 

neptron f i s s i o n of Th are assumed t o be the same as 

those of thermal neutron induced f i s s i o n of jj^^^,^^ 

D e t a i l e d i n f o r m a t i o n of the decay systematics of s p e c i f i c 

n u c l i d e s was obtained from 'Nuclear Data Sheets'. 

2'. Neutron Sources 

(a) 14-Mev Neutrons; A deutron beam of s u i t a b l e energy 

was a v a i l a b l e i n the Londonderry Laboratory f o r Radio-

chemistry, Durham from the Cockroft-V/alton accelerator f o r 

producing a high f l u x of e s s e n t i a l l y monoenergetic neutrons by 

the f o l l o w i n g r e a c t i o n ; 

D̂ +' > '̂ He + •'•n + 17.,6 Eev. 

The r e a c t i o n has a high broad resonance f o r deutrons of 

100 Kev s t r i k i n g a t h i n t a r g e t of t r i t i u m j 14.7 + 0..2 Mev 

neutrons are produced by t h i s machine.. 

The t r i t i u m t a r g e t s as described by v/ilson and 

Evans^® were supplied by A.S.R.S. Harwell. ii^ich d isc 

contains about one t o three curies of t r i t i u m which was 

absorbed on a t h i n f i l m of m e t a l l i c zirconium or t i t a n i u m : 

The zirconium or t i t a n i u m f i l m i s soldered on a copper 

b l o c k i n g t o a copper f o i l , which i s , i n t u r n , w e l l soldered 

t o the copper t a r g e t ' b l o c k of the accelerator w i t h 'Jood's 
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metal. The tar^-et block i s water cooled during i r r a d i a ­
t i o n t o take away the considerable amount of heat 
d i s s i p a t e d i n i t during i r r a d i a t i o n and thus preventi-nr; 
the l o s s of t r i t i u m by "b o i l i n g - o f f " due t o heating of 
the tar:;et. 

During normcl i r r a d i a t i o n the deutron beam current 
v/as maintained i n t l i e re£;ion of about 200 -/^a. raid a 

9 
neutron f l u x of about 2 x 10 neutrons/sec \is.s obtained. 
Though the l i f e of a ta r ^ j e t v;as about a thousand-/^^a-bour 
bombardment, the neutron y i e l d normally drops during the 
course of bombardment. This i s due t o lo s s of t r i t i u m 
from the heated area of the t a r g e t and deposition of 

56 
pump o i l on i t . 

For the i r r a d i a t i o n the sai'jple was held t o the 
bottom of the t a r g e t block by mibber bands. • T'ne energy 
of the neutrons v a r i e s t o some extent V7ith the angle of 
emission w i t h respect t o the bombarding beam. Ilo-.'ever, 
f o r the over a l l s o l i d anj^le w i t h i n which the thorium samples 
were i r r a d i a t e d , the v a r i t i t i o n aujounts t o less than and 
i n d i c a t e s no s i g n i f i c a n t v a r i a t i o n of the r e l a t i v e f i s s i o n 
product y i e l d s w i t h the v a r i a t i o n of neutron energy w i t h i n 
t h a t l i m i t . 

(b) 3-Mev Neutrons; For 6-Mev neutrons the nev;ly b u i l t 

Van-de-Graaff type l 3 - e c t r o s t a t i c Rotary Generator at the 
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CSieraical Laboratory, u n i v e r s i t y of Kent at Canterbury, 
was used t o obtain a deuteron beam of energy 400 Kev. f o r 
the r e a c t i o n : -

1)2 ̂  j)2 ^ jjg3 ^ j j l _̂  g^gg 

A good neutron y i e l d can be obtained w i t h deutrons of 

t h i s energy and the neutrons are o b t a i n e d w i t h a v/ell 

defined narrow energy range. 
The t a r g e t used i s a copper disc coated w i t h 

t i t a n i u m metal. Deuterium i s adsorbed i n the t h i n 
2 

(about 1 mg./cm ) t i t a n i u m l a y e r . The disc which i s 1.1 
inches i n diameter and about 1 mm thickness i s divided 
i n t o f o u r segments and one segment at a time i s f i t t e d 
i n t o a t a r g e t block designed by Societe Anonyrae de Machines 
E l e c t r o s t a t i q u e s , Grenoble, Prance — the maker o f the 
ac c e l e r a t o r . The c o o l i n g water f o r the t a r g e t block 
passes d i r e c t l y over the back surface of the target disc 
f o r good c o o l i n g e f f i c i e n c y , since at maximum beam current 
about 400 watts v a i l be d i s s i p a t e d at the t a r g e t . 

During a norr,:al i r r a d i a t i o n , the beam current i s 

maintained at about 700 and the ac c e l e r a t i n g voltage 

i s 400 Kev. The t o t a l neutron y i e l d obtained was about 

5 X 10^ neutrons/sfec. The neutron y i e l d remained f a i r l y 

constant throughout the i r r a d i a t i o n , sometimes increasing 

s l i g h t l y due t o b u i l d up of deuterium i n the t a r g e t . 
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I. 
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Fig. 2 Target Assembly 
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Due t o the thickness of the metal and of cooling 

water behind the t a r g e t d i s c , i t was not possible t o put 
the sample very close t o the t a r g e t f o r i r r a d i a t i o n . 

This reduces the neutron f l u x at the sample. The t a r g e t 

assembly i s i l l u s t r a t e d i n F i g . 2. The energy of the 

neutrons under the i r r a d i a t i o n conditions was estimated 
57 

t o be 3.0 + 0.4 l e v . 

3. General Method f o r c a l c u l a t i n g Relative Yields; 

I t has been stated e a r l i e r t h a t the 14-I.lev neutron 

generator does not produce a steady neutron f l u x . An 

allowance must be made f o r t h i s on the r a t e of production 

of *each f i s s i o n product n u c l i d e studied, i n a d d i t i o n t o 

c o r r e c t i n g f o r r a d i o a c t i v e decay over the d u r a t i o n of the 

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

Let us consider an i r r a d i a t i o n of duration T, and 

suppose t h a t a n u c l i d e 1 i s i s o l a t e d at time t ' a f t e r the 

end of the I r r a d i a t i o n . 

Pig. 3 me 

( a ) Suppose t h a t the precursors of the n u c l i d e I i n the 

chain: ^ 
h 1 ^ 2 ( s t a b l e ) 
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are short l i v e d compared w i t h T and t ' . Throughout the 
i r r a d i a t i o n the nu c l i d e 1 i s produced at an i r r e g u l a r 
r a t e R ( t ) . During the short time i n t e r v a l d t the number 
of n u c l e i of 1 which are produced w i l l be 

dN^ = R ( t ) . d t 

and these w i l l decay e x p o n e n t i a l l y , so t h a t at the time 
of i s o l a t i o n ( f ) the number remaining villi be 

d N i ( t ' ) = R ( t ) . e - ^ 1 _ t ' + ( T - t ) ] \ ^ ^ 

= e - ^ l * ' . R ( t ) . e - V ( T - t ) . , , 

The t o t a l number of n u c l e i of the species 1 remaining at 
the time of i s o l a t i o n w i l l be 

. t=T . 
N i ( t ' ) = e - ^ 1 * ' r R ( t ) . e - ^ l ( ^ - * ) . d t 

t=0 

Nov/ the r a t e of production of nuclide 1 i s given by 

R ( t ) = 3. 6^^ pr ( t ) 

where, B = a constant depending on the qu a n t i t y of f i s s i o n ­
able m a t e r i a l ^ i r r a d i a t e d , 

<S^ = f i s s i o n cross-section of the i r r a d i a t e d n u c l e i , 
= f i s s i o n - y i e l d of n u c l i d e 1, 

pr(t) = neutron f l u x through the i r r a d i a t e d sample. 
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The counting r a t e of the neutron monitor, l ( t ) , which was 
recorded, i s d i r e c t l y p r o p o r t i o n a l t o the neutron f l u x , and 
hence p r o p o r t i o n a l t o R ( t ) 

R ( t ) = B. 6^, Y^. I ( t ) 

where e f f i c i e n c y of the neutron monitor. 

Thus, 13 ^ V •t=T 
B. (yj. 1^. ^ 

^1^*') = 3 - l ^ ^ " * ^ d t 

t-^o 

The i n t e g r a l can be replaced by the summation;-

S i = ^ ( I e - ' ^ l ( T - * ) . St 

provided S t i n t e r v a l s taken are very much shorter than 

the h a l f - l i v e s of the species concerned. Thus, B. 6^. Y-L - X t t ' N , ( t ' ) = — - ^ e - - s . 

S i m i l a r l y , i f a reference n u c l i d e r i s i s o l a t e d at a time t " , 

we have; 

K r ( * " ) - Ŝ . 

Thus, 
N ^ ( t ' ) ^ Y^.e -^1 * ' . S^ 
^ r ^ Yr-e"^r*". Sr 

By e x t r a p o l a t i o n of the decay curves the a c t i v i t i e s of the 
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i s o l a t e d species at the end of the i r r a d i a t i o n , A°, can 

"be determined. Then since A° = H^.^.V^.j we have. 

r 

or. 

Y[^, = e f f i c i e n c i e s of the end window counter 
^ f o r the nuclides, concerned.. 

where Yj^ = h a l f - l i f e of the n u c l i d e 1, 

= h a l f - l i f e of the n u c l i d e r . 

The above equation was used i n c a l c u l a t i n g the r e l a t i v e 
y i e l d s of f i s s i o n products of thorium measured i n the 

cu r r e n t i n v e s t i g a t i o n . The values of S-j_ and were 
c a l c u l a t e d from the readings o f the neutron monitor during 
the I r r a d i a t i o n , Values f o r A° were obtained hy 
e x t r a p o l a t i n g the decay curves of the f i s s i o n product 
sources counted t o the time of the end of i r r a d i a t i o n 
and applying c o r r e c t i o n f o r chemical y i e l d . Values f o r 

and were obtained from the counter e f f i c i e n c y 

curves. 

(h) Vftiere the- h a l f - l i f e of the immediate precursor of 

the i s o l a t e d f i s s i o n product i s not n e g l i g i b l e compared 

w i t h t h a t of i t s daughter, an accoujit must be taken of 

t h i s i n c a l c u l a t i n g the r e l a t i v e y i e l d s . 
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Let us consider the chain:-

( s h o r t ) ^ 1 2 3 ( s t a h l e ) 

i n which ^ ^ and are comparahle and the species 2 i s 

i s o l a t e d at a time t ' a f t e r the i r r a c U a t i o n , Usin^- the 

same n o t a t i o n as ahove, 

^ ^ t=0 

t=T 
dt . e-^2^' J P.(t)e- 2(---^)dt. 

t=0 

and also 

I f t V i s long enough compared w i t h the h a l f - l i f e of the 

species 1, 

2 " e- 1*' " •&- ^1. \ ^ 

Since A° = g N^g/I'lg the value of the a c t i v i t y of the 
species 2 i n ecLuation (1) must he m u l t i p l i e d "03̂  the 
f a c t o r "^^ t o allovj f o r the e f f e c t of the 

comparative h a l f - l i v e s of species 1 and 2. 
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4. The Did-window gas-flow - p r o p o r t i o n a l Counter; 

For counting the a c t i v i t y of the separated and 
p u r i f i e d isotopes the end-v/indow gas-flow p r o p o r t i o n a l 
counter i s used. The counter which i s c y l i n d r i c a l i n 
shape i s constructed mainly of brass. The anode i s a 
c i r c u l a r loop of 10 cm diameter constantan wire of 
0.001 i n c h i n diameter. This i s soldered t o the termi n a l 
of a n i c k e l tube which i s supported by a si n g l e t e f l o n 
i n s u l a t o r i n the top of the counter, ( p i g . 4) The window 
of the counter i s 2.6 cm i n diameter and i s made of 

Q 
t h i n ( 1 mgm/cm ) 'Helinex Film'. The f i l m i s supported 

on a brass r i n g of appropriate size t h a t can be screwed 

t o the end of the counter tube. The windo\j i s gold 

coated on i t s i n t e r i o r side i n order t o conserve a 

uniform e l e c t r i c f i e l d i n s i d e the counter. 
The counter tube i s f i x e d on a stand w i t h a 

standardised shelving arrangement f o r p l a c i n g the s o l i d 
source on aluminium planchets f o r countings The counter 
together w i t h the stand i s housed i n s i d e a lead c a s t l e 
t o keep e x t e r n a l i n t e r f e r e n c e to a minimum. 

The E. H. T. supply which i s obtained from a 
f i l t e r e d 2 kV l i n e i s connected t o the anode through a 
h i g h r e s i s t a n c e of 1.5 megohms, v i a a potentiometer. 

y 
The pulses from the counter are f i r s t passed t o a 
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p r e - a m p l i f i e d and then t o the main a m p l i f i e d . The o v e r a l l 

a m p l i f i c a t i o n i s e# about 5 x 10 . Pulses thus a m p l i f i e d 

are passed through a d i s c r i m i n a t o r so as t o eliminate 

the smaller noise pulses from the amplifiers.. The 

output pulses from the d i s c r i m i n a t o r are f i n a l l y fed i n t o 

a s c a l i n g u n i t f o r electromechanical r e g i s t e r i n g . A 

block- diagram of the system i s given i n F i g . 5. 

The optimum working conditions f o r the p a r t i c u l a r 

counter used are tabulated below: 

H.F. Head A m p l i f i e r Type 1008.. 
Main A m p l i f i e r Type 1008, 

D i f f e r e n t i a t i o n Time =^0.4 sec. 
I n t e g r a t i o n time =/^0.4 sec. 
A t t e n u a t i o n = 10 db. 

Scaler CTe 1009E. 
P a r a l y s i s time = 50>csec. 
Disc. Bias =15volts. 

E.H.T. f o r counting = 1.85 kV. 

With the above s e t t i n g a pleateau of about'250 

v o l t s was obtained w i t h slope of l e s s than 5jio/l00 v o l t s . 

The background co\mts v a r i e d from 10-17 per minute. 

The r e p r o d u c i b i l i t y of the counting measurements were 

f r e q u e n t l y checked by counting a standard source. The 

standard count was found t o vary w i t h i n the range of 

+ 1 . ^ of the counting r a t e of 8500 c.p.m. f o r a 5 

minute counting i n t e r v a l . . 



29. 

Occasional sources of spurious pulses i n the 
counter were due t o e l e c t r i c a l breakdown of the counter 
i n s u l a t i o n , due t o humidity or f a u l t y connections. 
Breakdown due t o humidity was got r i d of by washing 
w i t h methanol and d r y i n g the t e f l o n p a r t of the counter 
and t h e i r associated connections using a hot a i r d r i e r , 
lyhen needed, d i f f e r e n t p a r t s of the counting system 
?/ere i s o l a t e d t o f i n d the f a u l t y connections and \;ere 
replaced. 

I n fee f o l l o w i n g the decay of any l o n g - l i v e d 

n u c l i d e , t h e sample was counted at reasonable i n t e r v a l s f o r 

a s u f f i c i e n t time t o keep the standard d e v i a t i o n t o a 

minimum. For short l i v e d species the counting was 

continuous t i l l the decay was almost complete. i n the 

l a t t e r case, the output from the scaler was transfered 

t o a device which recorded a preset number of counts and 

time i n t e r v a l s i n minutes on a paper tape. Appropriate 

decay curves were dravm from the recordings on the tape. 

5. The 4 7^ - p r o p o r t i o n a l Co\inter; 
i n order t o determine the absolute d i s i n t e g r a t i o n 

r a t e s of the samples counted i n the end-window counter, 
a c a l i b r a t i o n i s required and t h i s was done using a 
4 7 ^ - p r o p o r t i o n a l counter. The 4TV-counter used i n the 
present i n v e s t i g a t i o n i s of the type described by Hawkins 
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and i l l u s t r a t e d i n F i g . 6. The 4?^ geometry i s achieved 
hy mounting the source on a t h i n f i l m which "becomes 
the p a r t i t i o n hetv/een tv/o counters. The source supports 
c o n s i s t of t h i n VYIJS f i l m s supported on aluminium r i n g s 
which f i t t e d i n sandwich f a s h i o n "between the counters. 
The gas f l o w system and the e l e c t r o n i c s used f o r 475. _ 
counting were i d e n t i c a l t o those associated w i t h end-vandov; 
counting, 

6., Source preparation f o r end-window counting; 

The conventional procedure f o r determining the 
a c t i v i t y due t o a p a r t i c u l a r isotope i n a sample consists 
i n adding a knoiTn amount of an i n a c t i v e i s o t o p i c c a r r i e r , 
ensuring t h a t i s o t o p i c exchange has "been effec t e d "betv/een 
the a c t i v e and the i n a c t i v e m a t e r i a l s , and separating 
the c a r r i e r together w i t h i t s r a d i o a c t i v e species "by 
conventional chemical methods. A f t e r suitalsle p u r i f i c a t i o n 
the amoxant of i n a c t i v e c a r r i e r s u r v i v i n g the p u r i f i c a t i o n 
scheme i s determined and i t i s assumed t h a t the same 
p r o p o r t i o n of the r a d i o a c t i v e species i s also c a r r i e d 
through. The f i n a l step i s t o p r e c i p i t a t e the element 
i n a- suita"ble g r a v i m e t r i c form f o r chemical y i e l d 
determination and counting. Vilhere i t i s not possihle t o 
o"btain such a stoichimmetric chemical compoxind f o r 
g r a v i m e t r i c determination the y i e l d may he determined "by 
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analysing the source a f t e r counting i s completed. This 
w i l l be discussed i n d e t a i l i n connection w i t h the 
chemical y i e l d determination of the rare-earths. 

xlbout 10 mg. of the c a r r i e r s were used and the 

f i n a l p u r i f i e d m a t e r i a l was p r e c i p i t a t e d i n a s u i t a b l e 

i n s o l u b l e form. The p r e c i p i t a t e was t r a n s f e r r e d t o a 

welriied V/hatman GF/A, 2.1 cm diameter f i l t e r disc. 

Before using these glass f i b r e discs f o r c o l l e c t i n g the 

p r e c i p i t a t e they were subjected t o the same treatment as was 

used f o r washing and d r y i n g the p r e c i p i t a t e . During 

f i l t r a t i o n the disc was supported on a s i n t e r e d polythene 

support i n a demountable f i l t e r s t i c k . The p r e c i p i t a t e 

i n the form of s l u r r y was f i l t e r e d througn i t whereby a 

c i r c u l a r disc of reproducible geometry of the 

p r e c i p i t a t e could be obtained. A f t e r washing the 

p r e c i p i t a t e w i t h aqueous wash-solution, alcohol and ether 

i n t u r n , the disc w i t h the p r e c i p i t a t e was removed from 

the f i l t e r s t i c k and placed f l a t on an alumini\jm planchet. 

I t v/as then d r i e d i n a vacuum desiccator and weighed 

accurately t o the nearest 0.01 mg. f o r chemical y i e l d 

d etermination. For counting the sources prepared aa 

above, they were placed f l a t on aluminium planchets w i t h 

a s l i g h t l y r a i s e d r im ( i n t e r n a l diameter ^^2.2 cm.) 

and weighing about 80 rag/ cm . An i n v e s t i g a t i o n i n t o 
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of counts w i t h the weight of the p r e c i p i t a t e i n hoth 
cases T/as i d e n t i c a l . ( F i g . 8 ) . The higher coiinting 
r a t e s f o r sources mounted on f l a t discs are due t o the 
decrease of distance between the source and counter 
window. on the other hand, the f i x i n g of sources on 
the f l a t d iscs w i t h reproducible geometry v/as very 
inconvenient and time consuming. Again vrhile f l a t 
d i s c s might "be convenient f o r micro-gram amounts of 
c a r r i e r , f o r handling 5 t o 10 mg. of c a r r i e r m i e r i a l s , 
aluminium planchets have advantages over the f l a t discs. 
Another major requirement and hence a disadvantage of the 
t h i n source type measurement i s the need f o r i n d i v i d u a l 
methods of analysis s u i t a b l e f o r the accurate 
determination of very small amounts of m a t e r i a l f o r 
chemical y i e l d determination. 

7 i C a l i b r a t i o n of the end-window counter 
The procedures t o o b t a i n C a l i b r a t i o n curves f o r 

the end-windoY/ counter were as f o l l o w s : -

Solutions of h i g h s p e c i f i c a c t i v i t i e s of the 

nuc l i d e s f o r which the coiinter requires t o be c a l i b r a t e d 

were obtained e i t h e r from mixed f i s s i o n products, by 

( n , ^ ) r e a c t i o n or d i r e c t l y purchased from the Hadiochemical 

centre, Amershara, U.E. 
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Standarr.B from t h i s cc.Lri..r f r e e s o l u t i o n '..'ere 

mounted on Y^n'.S f i l m s as c escribed by Pate and Yaffe.*^^ 

The f i l m s were about 2Qx^g/ cm^ t h i c k and coated by an 

evaporation p i occdure w i t h about 5^g/cm^ of gold on 

t h e i r lower surface. A few drops of d i l u t e i n s u l i n 

s o l u t i o n were evaporated on the upper surface of the 

film® t o f a c i l i t a t e an even spreading of the ac t i v e 

s o l u t i o n . TTeighed amount of the c a r r i e r f r e e s o l u t i o n 

wag then put on the f i l m and d r i e d xinder an i n f r a red 

lamp. They were counted i n the 4 / ^ - p r o p o r t i o n a l 

count er. 

A known amount of the standardized c a r r i e r f r e e 

s o l u t i o n i s added t o a known.amount of c a r r i e r s o l u t i o n 

of the element concerned and steps are taken t o ensure 

complete i s o t o p i c exchange between the i n a c t i v e c a r r i e r 

and the a c t i v e species. The c a r r i e r was then 

p r e c i p i t a t e d i n a s u i t a b l e form f o r y i e l d determination, 

t h i c k sources of varj'^ing weights were prepared i n the 

standard •way, d r i e d , mounted and coTinted. 

Since the s p e c i f i c a c t i v i t y of the source i s 

known by comparison vdth the standard on VYFS, the counting 

c o r r e c t i o n or e f f i c i e n c y was obtained by d i v i d i n g the 

observed coiinting r a t e i n the end-window counter by the 

absolu t e d i s i n t e g r a t i o n r a t e obtained from 4 A -counting. 

A c a l i b r a t i o n curve i s thus p l o t t e d f o r e f f i c i e n c i e s 
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measured against source weight. I n cases where the 
n u c l i d e has a short l i v e d daughter, necessary corrections 
are applied f o r the c o n t r i b u t i o n of the daughter t o 
the t o t a l counting r a t e s of the 47i sources t o 
e l i m i n a t e the daughter count. tlethods f o r such 
c a l c u l a t i o n s w i l l be presented f o r i n d i v i d u a l cases where 
appropriate. Both the 4A and s o l i d sources were 
counted long enough t o o b t a i n complete decay curves 
f o r r e s o l u t i o n . 

8. Standardization of r a r e - e a r t h c a r r i e r s : ^ 
The radiochemical analysis of a-mixture of 

r a d i o a c t i v e m a t e r i a l s such as f i s s i o n products normally 
i n v o l v e s the a d d i t i o n t o the sample a knora amount of 
c a r r i e r s f o r the r a d i o a c t i v e nuclides t o be determined 
and the determination of the chemical y i e l d of the 
recovered c a r r i e r s a f t e r radiochemical separation and 
p u r i f i c a t i o n . I n most of these procedures, the weight 
of the c a r r i e r added i s 10 t o 20 mg, and the chemical 
y i e l d i s determined g r a v e m e t r i c a l l y , the f i n a l 
p r e c i p i t a t e being c o l l e c t e d and mounted i n a su i t a b l e 
form f o r weighing and counting. Though chemical y i e l d 
d etermination involves p u r e l y r e l a t i v e measurements and 

* This p o r t i o n has been published i n the form of a 
60 

paper. 
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hence absolute s t a n d a r d i s a t i o n of the c a r r i e r may not 
be necessary, i t i s d e s i r a b l e t h a t c a r r i e r concentration 
should be known to at l e a s t w i t h i n IjS, as t h i s enables 
a constant check t o be maintained on the f u n c t i o n i n g 
of the method. 

For the s t a n d a r d i s a t i o n of the rare-earth c a r r i e r s 

t o be used i n the present i n v e s t i g a t i o n , a s u i t a b l e method 

ap p l i c a b l e t o most of the rare-earths was looked f o r . 

A survey of the l i t e r a t u r e revealed that complexones, 

e s p e c i a l l y ethylenediamine t e t r a a c e t i c acid (EDTA) and i t s 

s a l t s have been widely a p p l i e d f o r the t i t r i m e t r i c 

d e termination of y t t r i u m and the rare-earths using v i s u a l 

i n t e r n a l i n d i c a t o r s . Methods, v/hich have been recommended 

can be d i v i d e d i n t o tv/o groups; d i r e c t t i t r a t i o n and 

b a c k - t i t r a t i o n . The d i r e c t t i t r a t i o n has obvious 

advanta:^;es but the accuracy a t t a i n a b l e i n such procedures 

i s not always appreciated and the b a c k - t i t r a t i o n 

procedures are sometimes recommended or used where they 

need not be. Moreover, the. d i r e c t methods have not been 

revierred c r i t i c a l l y , and adequate grounds f o r making 

a s a t i s f a c t o r y choice of a method f o r a p a r t i c u l a r purpose 

are o f t e n l a c k i n g . An attempt was, t h e r e f o r e , made 

t o compare a number of i n d i c a t o r s and b u f f e r systems 

p r e v i o u s l y recommended by d i f f e r e n t authors f o r such 
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t i t r a t i o n s . Relevent information p e r t a i n i n g to 

these systems i s c o l l e c t e d and summarised i n TalDle 1. 

A l l the i n d i c a t o r s r e f e r r e d i n the t a h l e were 

examined except Naphthyl Azoxine S, (7-(6-sulpho-2-

naphthylazo)-8-hydroxyquinoline-5-sulphonic a c i d ) , and 

Snazoxs, (7-(4-sulpho-l-naphthylazo)-8-hydroxyquinoline-

5-sulphonic a c i d ) . prom the account i n the o r i g i n a l 

Pppers, these i n d i c a t o r s are used and "behave i n e x a c t l y 

the same way as does Naphthyl Azoxine, 7-(l-naphthylazo)-

8-hydroxyq.uinoline-5-sulphonic a c i d , which was theijefore 

s e l e c t e d to represent methods 5, 6 and 7 i n the 

i n v e s t i g a t i o n . 

p r e l i m i n a r y t i t r i m e t r i c work showed t h a t Arsenazo, 

3 — ( 2 - ar s onopheny 1 az o )4,5- dihy dr oxy- 2,7-naphthal en e 

d i s i i l p h o n i c a c i d , trisodium s a l t and Bromopyrogallol Red, 

dilDromopyrogallolsulpnonephthalein were decidedly l e s s 

s a t i s f a c t o r y as i n d i c a t o r s than the others r e f e r r e d to 

i n Tahle I,Arsenazo was found to he very pH s e n s i t i v e 

end-points were somewhat e r r a t i c at constant pH, and 

the colour change l e f t much to he d e s i r e d , v/ith 

Bromopyrogallol Red the colour c o n t r a s t was r a t h e r poor, 

and end-points .v^ere somev/hat unpredictable and 

s l u g g i s h , p a r t i c u l a r l y at metal ion concentrations g r e a t e r 
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-4 than about 5 x 10 M. End-points were s l u g g i s h i r r e s ­
p e c t i v e of whether t i t r a t i o n s were performed i n t o hot or 
c o l d s o l u t i o n s . The r e l a t i v e l y poor performance of t h i s 
i n d i c a t o r has p r e v i o u s l y "been commented upon hy Asensi 
Mora who suggested pyrocatechol Green (3,6-dihydroxy-9-
o-sulphophenylfluorene-4,5-CLuinone) i n s t e a d . Because 
of the considerahle e r r o r s quoted f o r l i g h t lanthanon 
determinations using the l a t t e r i n d i c a t o r , no attempt 
was made here to compare i t with other i n d i c a t o r s . 

Cerium, y t t r i u m and ytterhiura were s e l e c t e d to 

represent tlie main groups of r a r e earths (excluding 

scandium), and a study was made of the i n d i c a t o r colour 

change at the end-point, p r e c i s i o n , accuracy, "buffering 

TABLE I . - Summary of Methods p r e v i o u s l y Recommended f o r 
the D i r e c t T i t r a t i o n of Yttrium and the 

Lanthanons. 

i n d i c a t o r 

A l i z a r i n Red S 
( C . I . 1034) 
screened with 
Methylene Blue 

Arsenazo 

T i t r a t i o n 
conditions 

PII 4,CIl2CC0mi. 
i D u f f e r e a i n 
hot s o l u t i o n 

PH 5.0-6.5 
p y r i d i n e "buffer 
i n hot solu-," 
t i o n 

Colour 
change 

red—> 
s r e y — 
green 

v i o l e t 
p-rap-ge 
red 

r i e f s . 

31, 
62 

63 
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I n d i c a t o r T i t r a t i o n 
conditions 

Colour .lefa. 
ch.Rnze 

Bromopyroij'allol l.eG. Cii. 17 CC CI- js 
Durfer i n 
the cold 

blue—> 
red 

Eriochrome Black T 
(Solochrone Black 
T; C . I . 203) 

(a)pli 8-9 i n 
h o i l i n ^ t a r ­
t r a t e or c i t ­
r a t e soln. 

(ID) at pll 7 

r e d — 
hlue 

55 

55, 
55 

ilaphthyl Azoxine Pl-I 5.5-5.5 with 
Ci". present; 
digCCOini. or 
p y r i d i n e "buffer 

yello\;-
red 

57 

6. iTaphthyl Azoxine S As f o r 5 as f o r 5 58 

7. SI:AZOXS pH 6 witl: Cu yellovr 
present; red 

p y r i d i n e "buffer 

69 

8. Xylenol 0range« (a)Acetate "buffer r e d ^ 
PII 5 + 1 drop 
p y r i d i n e 

(•b)pH 4.5-6 with 
hexamine "buffer 

70 

* Sj-S'-his i:,lT-di(car"box3/Tnethyl)-aminomethyl -o-
cresolsulphonephthalein. 
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and working pH range a p p l i c a b l e to each of the 
remaining methods ( 1 , 4, 5 and 8) i n Tahle 1. 

E)cperimental 

Standard s o l u t i o n s 

Cjerium^^; A 0.05 M s o l u t i o n was prepared hy 

d i s s o l v i n g 27.4 g of a n a l y t i c a l - g r a d e ammonium 

n i t r a t o c o r a t e I V i n water, reducing with hydroxylaraine 

hydrochloride and d i l u t i n g to 1 l i t r e with water and a 

l i t t l e n i t r i c a c i d . I t was standardised hy p r e c i p i t a t i n g 
ITT 73 as cerium oxalate, i g n i t i n g and weighing- as CeOo. 

Yttrium and ytterhiijxn; 0.05000 M s o l u t i o n s were 

prepared hy d i s s o l v i n g 5.646 and 9.852 g of t h e i r r e s p e c t i v e 

t r i o x i d e s (from L. L i g h t and Co., Sngland, 9 9 . ^ pure) i n 

separate 20 ml. portions of concentrated hydrochloric 

a c i d and d i l u t i n g each to 1 l i t r e with water. 

Standard 0.01 LI s o l u t i o n s of c e r i u m " ' - y t t r i u m and 

ytterbium were prepared hy d i l u t i o n of the above s o l u t i o n . 

Zinc: A 0,1 LI s o l u t i o n was prepared from a 

weighed quantity of a n a l y t i c a l - g r a d e granulated z i n c 

d i s s o l v e d i n a s l i g h t excess of d i l u t e h y d rochloric a c i d . 

Before weighing, the z i n c was s t i r r e d with very d i l u t e 

h y d r o c h l o r i c a c i d to remove surface oxide, washed \ ; e l l 

w ith water, a l c o h o l and ether and dried at 50°. 

Copper?-"- A 0.005 M copper n i t r a t e s o l u t i o n was 



prepared from a n a l y t i c a l - g r a d e hydrated copper'̂ "'" n i t r a t e 

i n water. 

I-IDTAr A O.llJ s o l u t i o n was prepared "by d i s s o l v i n g 

ahout 37 g. of a n a l y t i c a l - g r a d e C^QH^^OgiTgNag.SHgO i n 

1 l i t r e of water. I t was shov/n to "be 0.1005lu hy 

st a n d a r d i s i n g against the O.lH zi n c s o l u t i o n using zincon, 

(2-car"boxy-2'-hydroxy-5' -sulphoformazyl"benzene), as 
74 , i n d i c a t o r . O.OIH 3DTA s o l u t i o n s usfexjg i n the t i t r i -

m e t r i c work were prepared "by d i l u t i n g t h i s stock s o l u t i o n 

w ith water. 

B u f f e r s o l u t i o n s 

For pH values w i t h i n the range 4.5-6.5, 0.2IJ 

a c e t i c a c i d and 0.2M sodium acetate s o l u t i o n s were 

mixed i n the c a l c u l a t e d r a t i o s . For values m t h i n the 

range 6.5-8.0 a IC^S s o l u t i o n of hexamethylenetetramine 

was added i n the appropriate amount to the so l u t i o n to he 

t i t r a t e d . i n t i t r a t i o n s w ith Sriochrome Black T, 

triethanolamine (TEA) was used to r a i s e the pH i n i t i a l l y , 

and ammonium acetate was adaed f o r a d d i t i o n a l "buffering 

as r e ( i u i r e d . B u f f e r pH 10 was made from 570 ml. of 

aqueous ammonia (sp. gr. 0.88) and 70 g. of ammonium 

.chloride .uauc up 'oo i l i t r e with water. 

i n d i c a t o r s 

Chemical i n d i c a t o r s were o"btained e i t h e r from 
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B r i t i s h Drug Houses, England (B.D.H.) or Hopkin and 
I T i l l i a m s , England (H.i/.) and v;ere used as supplied. 

A l i z a r i n Red S screened \ath Methylene Blue (::.•./.); 

45 ml. of 0.550 ammonium a l i z a r i n sulphonate were mixed 

with 15 ml. of O.ljo methylene blue i n water. 

Arsenazo (B.D.Z.): 0.5^5 i n water. 

Bromopyrogallol Red (B.D.PI.); 0.055!- i n l : l ( v / v ) 

ethanol-.water mixture. 

griochrome Black T (B.D.H.); ( l ) IjS i n 1:1 (v/v) 

ethanol-triethanolamine mixture, or (b) 0.5 g. of i n d i c a t o r 

and 4.5 g. of hydroxylaraine hydrochloride made up to 

100 ml. i n ethanol. 

ITaphthyl Azoxine (H»17.);. lyj i n dimethylf ormamide. 

Xyle n o l orange (B.D.H.); 0,1% i n 1:1 (v/v) ethanol-

water mixture, 

Zincon (H.U.): 0.13 g. of i n d i c a t o r d i s s o l v e d 

i n 2 ml. of O.lM sodium hydroxide and d i l u t e d to 100 ml. 

v/ith water. 

S e l e c t i o n of optimum t i t r a t i o n conditions 

Five-ml sarjples of the standard O.OIM r a r e earth 

s o l u t i o n s , under v a r y i n g b u f f e r conditions and i n a f i n a l 

volume of about 50 ml. were t i t r a t e d with O.OUJ SDTA.. 

Approximate upper and lower pH l i m i t s w i t h i n which the 

i n d i c a t o r could be expected to functi o n were determined by 
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t a k i n g a t i t r a t e d metal-containing sample and with the 
a i d of a pH meter noting the values when the i n d i c a t o r 
showed a s i g n i f i c a n t pH response on r a i s i n g or lowering 
the PH. pH values of s o l u t i o n s to "be t i t r a t e d were set 
with the appropriate "buffers around the crude l i m i t s 
thus o"btained, and t i t r a t i o n s were performed, end-points and 
colour changes "being i:ioted.. I n t h i s way pH ranges 
were esta'blished w i t h i n which the t i t r a t i o n could he 
c a r r i e d out with l i t t l e u n c e r t a i n t y ahout the end-point, 
although, colour changes might not he the hest a t t a i n a b l e 
v/ith the i n d i c a t o r . 0ptimu.m conditions of pH were then 
determined by performing t i t r a t i o n s v/ithin the range. A l l 
pH measurements were made at 20 to 25°. 

Te s t s on the p r e c i s i o n and accuracy of the various 

methods were made by c a r r y i n g out r e p l i c a t e t i t r a t i o n s 

(10 f o r each method with each metal ion) on 25-ml. 

p o r t i o n s of COB,! metal s o l u t i o n s i n a t o t a l volume of 250 ml. 

under optimum pH co n d i t i o n s . As a measure of the d i s ­

p e r s i o n of t i t r e v a l u e s about the mean f o r each s e r i e s , 

the standard d e v i a t i o n was determined. The mean t i t r e s 

were compared with the req u i r e d c a l c u l a t e d t i t r e s . The 

same b u r e t t e and p i p e t t e (both grade A) were used through­

out .in these t i t r a t i o n s . D i l u t i o n s of stock r a r e e a r t h 

and SDTA s o l u t i o n s were made with the p i p e t t e mentioned, 

and with two standard f l a s k s , a l l three of which were 
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i n t e r c a l i b r a t e d . 

I n a l l t i t r a t i o n s i n v o l v i n g cerium, a reducing 

agent v/as present. Ilydroxylamine hydrochloride and 

ascorbic, a c i d were equally s a t i s f a c t o r y f o r t h i s purpose. 

R e s u l t s and D i s c u s s i o n 

•jorking and optimum pH ranges are recorded i n 

Table l l f o r each of Vie three metal io n s , with each of 

the four i n d i c a t o r s and b u f f e r i n g systems compared. -Jhc 

pH r-anf^es a p p l i c a b l e to a par-ticular i n d i c a t o r do r o t Ve.ry 

g r e a t l y from metal to metal t i t r a - u C d , a f a c t of use i n • 

determining mixed r a r e e a r t h s , excluding sct-ncliuu, 'J?able 

I I I permits comparison beti/een required and experimental 

t i t r e s , and of standard d e v i a t i o n s . I t w i l l be seen 

that a l l of the four methods are, i n general, capable of 

g i v i n g q u i te p r e c i s e and- accurate r e s u l t s . 

A l i z a r i n 3 screened v/ith methylene blue i s qiiite 

s a t i s f a c t o r y f o r l i g h t and middle lanthanon f r a c t i o n s , 

but the r e s u l t s presented here suggest that i t v/ould give 

s l i g h t l y e a r l y end-points i n the t i t r a t i o n of heavy r a r e 

e a r t h s . She t i t r a t i o n i s best performed i n near b o i l i n g 

s o l u t i o n , otherwise "che end-point approach i s quite slow. 

Si?iochrome B l a c k T should be s u i t a b l e f o r t i t r a t i n g the 

lan'thanons and yttriu.m i n the pH range indicated i n Tahie I I 

with r e l i a b l e r e s u l t s . I f required, the pH can be adjusted 

by adding 1 drop of 1>S methyl red i n d i c a t o r t o the metal 
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s o l u t i o n and r a i s i n g the pli to the colour change with 

TEA before adding the metal i n d i c a t o r . Ammonium acetate 

may be added f o r a d d i t i o n a l b u f f e r i n g . 

TABLE I I . - Working and "optimum" ( i n p a r e n t h e s i s ) pH 
' " ' •— « rr,^ J J _ J _ — _ 

pH Range 
I n d i c a t o r 

C e ^ I I Y" Yb 

Screened A l i z a r i n Red S 4.5-5.5 
(4.7-5.3) 

4.6-5.5 
(4.7-5.3) 

4.6-5.5 
(4.7-5.4) 

Briochrome B l a c k T 6.5-7.5 
(6.7-7.2) 

6.5-7.5 
• (6.7-7.2) 

6.5-7.5 
(6.7-7.2) 

Naphthyl Azoxine 5.4-7.6 
(5.5-6,0) 

5.3-7.6 
(5.5-6.0) 

5.4-7.6 
(5.5-6.0) 

x y l e n o l orange 5.0-6.5 
(5.8-6.4) 

5 ..1-6.,5 
(5.8-5.4) 

5.1-6.6 
(5.8-6.4) 

The colour change i s then from red to greenish-blue. There 

i s no advantage i n performing t i t r a t i o n s i n hot r a t h e r 

than cold s o l u t i o n . The end-point reading should be taken 

when a l l reddishness has j u s t permanently disappeared from 

the s o l u t i o n . Although Eriochrome Black T can be used 

up to about pH 9.3, end-points are a t t a i n e d only very slowly 

about pH 8 i n hot s o l u t i o n with TEA, c i t r a t e or t a r t r a t e 

being present to prevent h y d r o l y s i s of the metal ions. 

I n t i t r a t i o n s with ITaphthyl Azoxine, end-point d e t e c t i o n 

r e s u l t s from indicator-copper-SDTA i n t e r a c t i o n . The 

standard d e v i a t i o n i s caused by a combination of the 



46. 

d i s p e r s i o n s i n the lanthanon + copper t i t r e and the 
copper t i t r e alone. ^ The n e c e s s i t y f o r a blank t i t r a t i o n 
on the copper alone makes t h i s method l i t t l e more 
a t t r a c t i v e than a b a c k - t i t r a t i o n . An advantage of t h i s 
method i s that t i t r a t i o n s are performed i n the c o l d . 
The i n d i c a t o r i s guite s e n s i t i v e , but, hats&c^ the colour 
c o n t r a s t i s not a l l that might be-desired. Better 
end-points are a l s o obtained by adding the copper towards 
the end of the t i t r a t i o n r a t h e r than Just before the 

As i s seen from Table I I J , x y l e n o l Orange gives 

a c c u r a t e , and a l s o very p r e c i s e , t i t r e s . Of the i n d i c a t o r s 

examined f o r the d i r e c t t i t r a t i o n i t i S j i n our opinion, 

the most s a t i s f a c t o r y . The t i t r a t i o n can be performed 

i n the cold, but the end-point can be approachea moi-ts 

q.uickly i n warm s o l u t i o n . p r e l i m i n a r y pH adjustment of 

a c i d s o l u t i o n s can be made by adding 1 drop of 0.1>S 

Thymol Blue i n d i c a t o r , then aqueous ammonia u n t i l the 

i n d i c a t o r i s about to change to yellow. Addition of 

b u f f e r then g i v e s optimum t i t r a t i n g c onditions. Care i s 

needed when hexaxnethylenetetramine i s used as b u f f e r i n g 

agent, because addition of too much w i l l r a i s e the pH 

about the t i t r a t i o n range. I t mar a l s o be noted that 

t h ere i s a discrepancy between the p r e v i o u s l y recommended 
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pH range f o r t h i s t i t r a t i o n (Table l ) and the range 

found to .be s a t i s f a c t o r y i n t h i s work (Table n). o f the 

commoner anions, c h l o r i d e , n i t r a t e , p e r c h l o r a t e and 

sulphate ( a t l e a s t up to IM) do not i n t e r f e r e i n these 

methods, but a c e t a t e i n t e r f e r e s i n concentrations about 

IM, and s o l u t i o n s containing oxalate cannot be t i t r a t e d 

s a t i s f a c t o r i l y by d i r e c t methods. I n standardising the 

r a r e - e a r t h c a r r i e r s , x y l a n o l orange was the r e f o r e used 

as an i n d i c a t o r i n the present v7ork. 

TABLE nr.- "Required" and Mean T i t r e s Obtained under 
"Optimum" pH Conditions on T i t r a t i n g 25 ml. of 
Standard 0~,011i1 Metal Ion with 0.01005LI HDTA (Stan-

dard Deviations i n Parentheses) 

I n d i c a t o r 

T i t r e , ml. of 0,01005M SDTA 

C e ^ I ^ 

Req.d, Found Reqd. Pound 

Yb 

Req.d, Po\md 

Screened 
A l i z a r i n Red 

S 

Eriochrome 
Black T 

Naphthyl 
Azoxine 

X y l e n o l 
Orange 

24.82 24.82 
(0.02) 

24.82 24.83 
(0.02) 

24.82 ' 24.83 
(0.02) 

24.82 24.82 
(0.01) 

24.88 24.88 24,88 24.83 

24.88 

24.88 

(0.02) (0.02) 

24.88 24.91 24.88 24.86 
(0,02) (0,03) 

24.89 24,88 24,87 
(0,02) . (0.03) 

24.90 24.88 24.87 
(0.01) (0,01) 
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9. A n a l y s i s of rare-er.rth oxalate sources f o r chemical 

y i e l d determination^ 

i n radiochemical a n a l y s i s o x a l i c a c i d i s comr. only 

used to p r e c i p i t a t e yttrium and the lanthanons from a c i d 

s o l u t i o n , f o r source preparation and chemical y i e l d 

determination. Because of the v a r i a b l e composition of the 

product, i t i s u s u a l i n c l a s s i c a l q u a n t i t a t i v e a n a l y s i s to 

i g n i t e the r e s u l t i n g p r e c i p i t a t e to the metal oxide or to 
determine the metal i n d i r e c t l y by permanganate t i t r a t i o n 

75 76 

of the oxalate. ' The former method i s slow,:and the 

l a t t e r depends on being able to obtain a constant and knoim 

r a t i o of metal to oxalate i n the p r e c i p i t a t e ; i n any case, 

i t cannot be used s a t i s f a c t o r i l y f o r cerium without p r i o r 
77 

s e p a r a t i o n of the metal. 

For i s o t o p e - d i l u t i o n a n a l y s i s , p a r t i c u l a r l y of , 

f i s s i o n - p r o d u c t y t t r i u m and lanthanons, using -".n enu-windov; 
no 

p r o p o r t i o n a l or Geiger-Mtiuller counter, B a l l o u showed that 

chemical y i e l d s could be' measured to v/ithin a few per cent 

by d i r e c t weighing of the metal oxalate, p r e c i p i t a t e d and dried 

under c a r e f u l l y "controlled conditions. However, with demands 

f o r improved accuracy, and"accumulation of information on 
79 

the thermal s t a b i l i t y of the hydrates of these metal 
60 * T h i s p o r t i o n has been published i n the form of a paper. 
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o x a l a t e s , i t is'-more r e c e n t p r a c t i c e to i g n i t e the 

o x a l a t e to the oxide, and from t h i s to prepare a s o l i d 
80 81 

r a d i o a c t i v e source f o r counting. ' The last-mentioned . 

operation i s not without i t s d i f f i c u l t i e s i f a uniform source 

of moderate t h i c k n e s s , reproducible geometry and known 

composition i s to be obtained from the oxide. Oxalate i s 

the most f r e q u e n t l y used precipita-dti f o r yttrium and the 

lanthanons and, g i v e s a deposit which, apart from i t s 

composition, i s s a t i s f a c t o r y , (por example, 8-hydroxyci.uinoline 

g i v e s gelantinous deposits which shrink and crack excess­

i v e l y during the drying p r o c e s s ) . . I t i s not expected 

t h a t the v a r i a t i o n i n composition^(amounting to perhaps ^ 

i n terms of metal p r e s e n t ) encountered i n these oxalate 

p r e c i p i t a t e s w i l l a f f e c t c o r r e c t i o n s f o r s e l f - a b s o r p t i o n 

of r a d i o a c t i v i t y , but i n order to measure chemical y i e l d s 

a simple and r e l i a b l e method i s d e s i r a b l e f o r determining 

the metal content d i r e c t l y , such a " d i r e c t " method would 

a l s o have advantages i n determining r a r e earth contents of 

oxalate p r e c i p i t a t e s g e j i e r a l l y , 

Complexometric t i t r a t i o n o f f e r s considerable scope 

f o r performing such a n a l y s e s . Because oxalate i n t e r f e r e s 

i n -the d i r e c t t i t r a t i o n of y t t r i u m and the lanthanons with 

EDTA, i t must be destroyed or otherwise removed before the 

t i t r a t i o n . ' T h i s can be done by wet-oxidation methods; or 

by decomposition with a l k a l i ^ ^ and separation by f i l t r a t i o n ; 
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the l a t t e r i s a process too slow to merit serious considera­
t i o n f o r rou t i n e purposes. An a l t e r n a t i v e method i s that 

o tz 

d e s c r i b e d by Misumi and Taketatsu, i n which t h e . p r e c i p i t a t e 

i s d i s s o l v e d i n an excess of SDTA and the excess i s back-

t i t r a t e d \.ith magnesium at pH 10.2-10.5. i n the work to be 

desc r i b e d , both approaches have been used; and i n 

a d d i t i o n the use of z i n c i n p l a c e of magnesium i n the back-
t i t r a t i o n i s i n v e s t i g a t e d . Another "uack-titration method, 

84 

p r e v i o u s l y u.sed i n the absence of oxalate, i n which the 

excess 33Xi:A i s b a c k - t i t r a t e d at pH 8-9 with lant'.ianum and 

Arsenazo i n d i c a t o r , has 'jeen examined f o r determinations 

i n the presence of oxalate. Some oxalates have been" 

prepared, and the metal contents have been determined. 
E:zp:iaii:^\^TAL 
Reagents 

Iilagnesium: A O.OlLi s o l u t i o n was prepared from 

a n a l y t i c a l - g r a d e LIgS0^.7H20, and was standardised with ISDTA 

u s i n g Eriochrorae Black T i n d i c a t o r . 

Lanthanum: A O.OlLi s o l u t i o n was prepared from 

reagent-grade hydrated lanthanum c h l o r i d e ( B r i t i s h Drug 

Houses, Ilngland), and was standardised with SDTA, using 

x y l e n o l OTanre i n d i c a t o r . 

Praseodymium: A O.OlM s o l u t i o n was prepared by 

weighing out an appropriate quantity of the t r i o x i d e 
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( L . Light-& Co., England, 99.95? pure) and d i s s o l v i n g i n a 
minimum of 'hydrochloric a c i d . 

A l l other reagent s o l u t i o n s \.'ere prepared as des­

c r i b e d p r e v i o u s l y (see page ) . 

T i t r a t i o n of yttr i u m and lanthanon. oxalates without p r i o r 

removal of oxalate 

To a 5 ml por t i o n of each metal i n s o l u t i o n a 

measured excess of standard ISDTA (10 ml) was added, and the 

excess was determined by t i t r a t i n g i n "a t o t a l volume of 50 ml 

with e i t h e r O.OlM magnesium or O.OILI z i n c s o l u t i o n to a colour 

change from blue to red with i3?iochrome Black T ' i n d i c a t o r . 

The t i t r a t i o n s were repeated with the add i t i o n of an amount 

of oxalate c a l c u l a t e d to be s u f f i c i e n t f o r p r e c i p i t a t i o n 

of a l l of the metal ion. As recommended i n the o r i g i n a l 

procedure f o r magnesium, the s o l u t i o n to be t i t r a t e d 

was buffered betv/een pH 10.2 and 10.5, u s i n g b u f f e r pH 10 

and aqueous ammonia, and with the a s s i s t a n c e of a pH meter. 

B u f f e r pH 10 provides adequate b u f f e r i n g and co n t r o l of pH 

f o r t i t r a t i o n s with z i n c . 

Hhen lanthanum was used as b a c k - t i t r a n t i n conjunc­

t i o n with Arsenazo as i n d i c a t o r , the pH was adjusted using 

ammonium c h l o r i d e and bu f f e r pH 10, with the a i d of a pH 

meter or phenolphthalein i n d i c a t o r as recommended by 

Wolfsberg-. The s o l u t i o n , t o t a l volume about 50 ml, i s 

brought almost to b o i l i n g and t i t r a t e d with lanthanum u n t i l 
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the i n d i c a t o r phanges from.pink to v i o l e t . 

For f r e s h l y prepared ox a l a t e p r e c i p i t a t e s addition 

of b u f f e r and the excess EDTA i s s u f f i c i e n t to cause 

r a p i d s o l u t i o n . However, p r e c i p i t a t e s f i l t e r e d off, d r i e d 

by the method described by B a l l o u or above 100°, and kept 

f o r some time, a r e somewhat more r e s i s t a n t to d i s s o l u t i o n . 

Such "aged" p r e c i p i t a t e s are conveniently d i s s o l v e d by 

f i r s t t r e a t i n g with a l i t t l e d i l u t e p e r c h l o r i c or 

h y d r o c h l o r i c a c i d , adding the EDTA, n e u t r a l i s i n g with 

aqueous ammonia, then b u f f e r i n g as required. 

A n a l y s i s of weighed oxalate samples 
78 

Using B a l l o u ' s method suitably- s c a l e d up, batches 

of about 50 rag of each r a r e e a r t h studied were p r e c i p i t a t e d 

as o x a l a t e . The p r e c i p i t a t e v/as s p l i t up i n t o portions 

having weights ranging from about 5-65 mg, and each portion 

was c o l l e c t e d on a g l a s s - f i b r e d i s c (Whatman GF/A 2.1 cm. 

diameter) i n a demountable f i l t e r s t i c k , washed with water, 

ethanol and f i n a l l y ether, and was then dried to constant 

weight i n a vacuum d e s i c c a t o r (without d e s i c c a n t ) connected 

to a water-pump. 

For wet oxidant, the weighed oxalate sample, together 

w i t h the g l a s s - f i b r e support, was t r a n s f e r r e d to a 250 ml 

c o n i c a l f l a s k and t r e a t e d with 5 ml of 7 ^ p e r c h l o r i c a c i d . 

The temperature was maintained at the decomposition point 
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of the acid f o r 10-15 min, depending on the sample size. 
(The time required f o r oxidation of d i f f e r e n t sample 
weights i s determined i n t r i a l runs hy -the method suggested • 
"by smith. ) The flask was cooled, the contents were 
d i l u t e d to ahout 25 ml and the acid was neutralised with 
ammonia to the yellow colour change of thymol Blue. After 
b u f f e r i n g at pH 6 aiid addition of water to a f i n a l volume 
of ahout 150 ml, the contents of the flask were'titrated 
?/ith EDTA, using Xylenol Orange indicator. 

Batches of metal oxalate prepared as descrihed ahove 
were also analysed f o r metal content by the h a c k - t i t r a t i o n 
method without removal of oxalate, using zinc as t i t r a n t . 
About -5-10 ml of O.OIIJ EDTA i n excess of that required 
to complex the metal ion was added before each t i t r a t i o n . 

RESULTS AMD DISCUSSION 
Tableiv records results obtained on t i t r a t i n g known 

amomts of yttrium and various lanthanons by the methods 
which do not require removal of oxalate ion. They may be 
compared with results obtained by t i t r a t i n g d i r e c t l y w i t l j 
EDTA the same amounts of metal ion, i n the abbence of 
oxalate, using xylenol Orange indicator (column 2, TableIV). 
I t w i l l be seen that both magnesium and zinc as back-
t i t r a n t s give highly satisfactory results. On the other hand, 
the colour contrast with Arsenazo i n back-titrations with 
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TABLE IT: Determination of Yttrium aiid some Lanthanons 
"by Various -Titration procedures^? 

Amoun1>j| Amoimt found "by i D a c k - t i t r a t i o n , Back-
Element presen-fr^ mg t i t r a n t 

mg oxalate absent Oxalate present 

La 6.95 - 6.96 + 0.02 Zn 
Ce 6.94 6.95 + 0.02 6.97 + 0.02 Llg 

6.96 + 0.02 6.96 + 0.02 Zn 
pr 4.86 - 4.86 + 0.02 Zn 
Y 4.43 4.41 + 0.02 4.39 + 0.02 Lg 

• 4.43 + 0.01 4.43 + 0.01 Zn 
Yb 8.65 8.63 + 0.02 8.62 + 0.02 I.Ig 

8.66 + 0.01 8.64 + 0.03i Zn 
8.58 + 0.02 La 

(a) : In each case the mean value and standard 
deviation of 5 determinations. 

(b) Determined by t i t r a t i o n using Xylenol Orange 
at pH 6 i n the absence of oxalate 

lanthanum i n the presence of oxalate i s rather poor, and 
the end-point i s sluggish and drawn out, making the true 
equivalence point somewhat d i f f i c u l t to determine. i n 
addition, the t i t r a t i o n i s performed i n very hot solution, 
whereas t i t r a t i o n with mgnesium or zinc i s carried out i n 
the cold using Eriochrome Black T indicator. Of the two 
l a s t mentioned t i t r a n t s , zinc i s preferred, because i t can 
be used over a wide pH range (9 to 11) and the colour change 
i s appreciably sharper. Although the r e l a t i v e s t a b i l i t y 
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87 constants of the HDTA complexes, of lanthanum and zinc 

are such that the former i s a l i t t l e less stable than the 
l a t t e r , results f o r lanthanim determination using zinc as 

• t i t r a n t are not affected (Table i v ) . 

i n Table V, the percentage metal fomid i n ozalr.te 
samples of d i f f e r e n t weights varies over a range of 2-3,. f o r 
some batches of precipitate.- This variation i s probably 
l a r g e l y associated with the v/ashin:;, wliicii i s done on 
separate portions of the batch, and with the f i n a l drying. 
However, i n rare earth oxalate p r e c i p i t a t i o n many factors 

88 
contribute to variable composition and hence to the 
various hydrates reported by d i f f e r e n t investigators. 'j?he 
d e s i r a b i l i t y of determining the metalcontent of an oxalate, 

TA3LI3 V: Analysr^^^ of weighc^d oxalate samples 
f o r metal contentlQ^ 

1. Wt. of sample, Y 2. L't. of sample. ce mg found 52, mg •foujid, ^ 
14.4l" 29.4 10.91 39.5 
14.60 29.. 8 11.32 39.7 
17.63 29.8 23.24" 39.4 
26.28 29.7 25.41 38.1 
^32.42 29.7 27.20 38.3 

Mean 29.7 L'ean 39.0 
of sample, ce 4, i j t . of sample, Yb 
mg • found, fo mg found, % 
4.53 38.2 14.73 51.3 
7.11 38.9 29.81 49.0 
8.71 38.4 3030 49.5 
15.16 38.3 47.32 - 48.4 
21.93 • •3'9.0 63.66 50.0 

Mean 38.6 Mean 49.6 
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(a) Batches 1 and 2 were analysed by \/et oxidation 
of the oxalate follov/ed by direct t i t r a t i o n 
with EDTA, 3 and 4 by adding excess IIDTA and 
b a c k - t i t r a t i n g with zinc. 

(b) Y2(C20^)2.9HgO requires 29.4.-4̂  of Y. 
062(020^)3. lOHgO requires 38.6855 of Ce. 
Yb2(020^)2.5H2O requires 49.425$ of "iTb. 

rather than assuming a formula and calculating the content 
•from the sample weight f o r the purpose of determining 
radiochemical y i e l d s , i s thus obvious, because there may 
easily be a 5 or 65S v a r i a t i o n i n the amount of metal 
i n the comoound. 

Both methods f o r v^tiich results are presented i n 
Table V are satisfactory f o r the determination of yttrium and 
lanthanons i n oxalate precipitates i n the range 2-30 mg of 
metal; and with suitable scaling up they can be used equally 
s a t i s f a c t o r i l y on larger samples. However, oxidation of 
oxalate with perchloric acid requires, nearly 20 min i n a l l to 
complete a determination, compared to 3-5 min f o r the back-
t i t r a t i o n with zinc, a l l solutions and reqgents being to 
hand. other oxidants ( n i t r i c acid, aqua regia and alkaline 
hypochlorite or hypobromite) are somewhat less effective and 
slower than perchloric acid. Sulphuric acid could, however, 
probably replace the last.mentioned oxidant without adding 
to the time required f o r complete oxidation. Addition of 
excess EDTA, and b a c k - t i t r a t i o n of the sample with zinc 
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solution i n the presence of oxalate ion, therefore has an 
appreciable advantage over complexometric t i t r a t i o n 
methods, requiring removal of oxalate. 

The method described above was used i n the present 
v/ork f o r the determination of chemical y i e l d i n the rare-
earth oxalate sources. 



CHAPTIR I I I 

1(a) I n i t i a l p u r i f i c a t i o n of thori\im n i t r a t e f o r i r r a d i a -
t i o n : 

I n preliminary investigations f o r separating 
added stable isotopes of the elements occurring as f i s s i o n 
products from unirradiated thorium samples by following 
recommended radiochemical procedures i t was found that i n 
some cases, the f i n a l s o l i d source was contaminated by 
decay products from thorium. The procedures i n which 
the separated elements, were found to be contaminated were 
the rare-earths. I n the separation procedure due to 
simi l a r chemical properties Ac^^^ was foxind to be^present 
the separated rare-earths. 

I n such cases where the daughters of thorium 
were shorn to follow f i s s i o n products i n t h e i r separation 
procedures, i t was found more convenient to remove the 
daughter a c t i v i t i e s from thorium before irradiation.than 
to separate the induced f i s s i o n product a c t i v i t i e s 
from thorium daughters which followed them a f t e r 
i r r a d i a t i o n . I t becomes apparent from the thorium series 
that i t i s possible to remove the gross daughter a c t i v i t i e s 
by repeated scavenging f o r radium, actinium, lead and 
bismuth. The p u r i f i c a t i o n of thorium was carried out by 

89 
the method described by Ballou. I t consists of 
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scavinging pr e c i p i t a t i o n s of barium and lead sulphates 
to remove radium and lead, bismuth sulphide to remove 
bismuth and lanthanum carbonate, to remove actinium. The 
procedure i n d e t a i l i s given i n the appendix. After 
i n i t i a l p u r i f i c a t i o n , 'blank' separation of added carrif;rs 
gave f i n a l sources essentially free from contamination. 

(b) The Reference Slement - Zirconium. 
97 

i n the present investigation Zr was chosen as 
the reference element i n order to correlate the r e l a t i v e 
y i e l d s measured i n each experiment. In choosing t h i s 
fission-product element as reference the following factors 
were taken i n t o consideration. I t i s readily isolated 
from the i r r a d i a t e d thorium sample and i t s radiochemical 
p u r i f i c a t i o n i s easily carried out. The f i s s i o n y i e l d 

97 
of zr i s reasonably high and coupled with the a c t i v i t y 
of the niobium daughter t h i s ensures adeQ.uate counting rates 
f o r satisfactory s t a t i s t i c a l accuracy. I t s h a l f - l i f e i s 
also suitable f o r the length of i r r a d i a t i o n and tin:,?; 
availabl-e f o r cL:ewistry cjiC counting. The r e l i a b i l i t y of 
.Zr̂ *̂  as reference element i n the f i s s i o n y i e l d measurements 
of Th^*^^ has been f u l l y investigated by "..hitley.^^ 

The decay chain f o r mass 97 i s : -
^ 6 0 sec. iTb̂ '̂ '̂ ^ 

17 hr. Zr^'^cC i p 7 ^"^^^^^^ "'73m WD-^^-
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Other isotopes of .zr pr-cduced during f i s s i o n are either 
too long-lived or too short-lived to "be detected i n the 
sources prepared f o r the present T/ork. 

jljfter each i r r a d i a t i o n the sample (thorium nitra-:e 
or thorium hydro::ide) \.'as dissolved i n acid and 10 ra^. of 
the appropriate carriers of the elements (including 
zirconium) to be separated was added. After allowing 
s u f f i c i e n t time f o r the decry of the precursors of the 
elements to be separated, steps \/ere taken to ensure complete 
isotopic exchange betv/een the f i s s i o n product species and 
the added c a r r i e r , ' Zr was separated at a convenient ata:je 
by p r e c i p i t a t i o n with mandelic acid. I t "was then 
radiochemically p u r i f i e d by two lanthanum scavenges 
followed by several p r e c i p i t a t i o n s of barium zirconyl 
f l u o r i d e . I t was f i n a l l y precipitated as zirconium 
tetrafiiandelate f o r source preparation, counting and chemical 
y i e l d determination. The f u l l radiochemical procedures 
f o r the above p u r i f i c a t i o n as described by Hahn and 
Skonieczny^-^ i s given in* d e t a i l i n the appendix. Solid 
sources thus prepared showed an i n i t i a l grovring i n of 

on 

a c t i v i t y due to iTb and then decayed with 17 hours 
h a l f l i f e . I n each case the decay of the sources was 
followed f o r several days u n t i l the coimting rates became 
comparable with the backgroimd rates. 
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97 

Calibration of the End-windov/--Counter f o r 17 hr. Zr . 
97 

For c a l i b r a t i n g the counter f o r Zr , a solution 
of high specific a c t i v i t y was prepared by i s o l a t i n g Zr 
from a sample of p i l e i r r a d i a t e d uranium. The same 
chemical procedures as described above were used using 
1 mg. amount of c a r r i e r and omitting the f i n a l p r e c i p i t a t i o n 
step. After appropriate d i l u t i o n weighed amounts of the 
di l u t e d solution were dried on 4A f i l m s under an i n f r a ­
red lamp. isach of these 4A sources was then co\inted 
u n t i l the coujiting rates were comparable to the background 
and decay curve f o r each source was obtained. 

97 
The contribution of zr to the t o t a l counting 

rates of the 4A sources was calculated i n the follov/ing 
way:-

(a) The efficiency of the 4A counter for the 
97 

short l i v e d Wo was estimated to be 2.3^. Thus f o r 
each zr disintegration 1.023 counts were recorded. 97 97m 97 •(b) Considering zr — W o and Hb i n transient 

Q7 Q7m 97 
equilibrium; i f Zl" —isTb «1, and Nb""' = 2, 

f l _ ^2 " ^1 0.5640 - 0.0407 ^ 0.9278 
^ " ^ 2 0.5640 

97 97 
Assuming equal detection of Zr and Wo^' i n the 4"̂  counter, 

A = A i + Ag = A^ (1.023 + ) = 2.10 
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Fig.9. Counting-efficiency curve tor IThZr"" as a function 
of source weight. 
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Fig. 12&'. Counting-eff iciency curve f o r 6 6 h M o ^ ^ 
as a function of source weight. 



TABLS VI 

Run 
NO. 

Wt. of 
ppt.mg. 

Qhem. 
Yield 

,0 
^obs A° . Hv ̂  

1 27.20 29.58 1,425 4,817 .643 2,314 
2 29.55 32.11 1,150 3,581 .640 1,442 
3 32.25 35.06 590 1,683 .639 677 
4 33.08 35.97 625 1,738 .638 1,293 
5 • 44.75 48.66 1,600 3,288 .627 324 
6 49.96 54.32 570 1,049 .620 144 
7 24.. 18 26.29 825 3,138 .648 264 
8 48.25 52.47 7,500 14,293 .625 1,127 
9 •.76.75 83.45 4,080 4,890 .592 505 
10 33.50 36.43 5p 7 5 .637 1,343 

11 5,76 6.26 350 5,591 .667 981 

12 75.85 82.46 6,600 8,005^ .595 764 
13 64.41 70.04 2,620 3,742^ .605 701 
14 48.16 52.38g 4,300 8,214 .625 1,358 
15 43.90 47.73 2,500 5,239g .628 1,389 
16 69.65 75.73 5,700 7,527 .607 1,049 
17 46.33 50.38^_ 6,200 12,306 .629 1,773 

18 55.50 , 60.35 19.000 31,483 .620 3,114 

19* 34.52 88.78 1,400 1,577 .355 2,707 

20* 20.80 53.50 500 935 .390 1,432 

21* 12.56 32.30 800 929 .405 1,548 

22* 22.00 56.58 320 566 .382 891 
Q continued 

" ' " " ' r S e r e ^ l f o r ^ ' S s i . ^ ^ " " ™ ^ "^^^ «^ seoo„4ary 



TABLI^ VI (continued) 

Run 
NO. 

Wt. of 
ppt. mg. 

Chem.-
Yield 

fo 

' A°-^ obs ^Zr 
S X 10 zr 

23 65.20 70.89 1,500 2,116 .510 ' 814 
24 46.10 50.35 1,060 2,109 .629 730 
25 55.80 60.67 1,720 2,838 .520 1,037 
26̂  65.57 71.29 2,300 3,'228 .610 943 
27 62.80 68.28 1,425 2,087 .515 1,553 
28 38.20 41.54 950 2,311 .637 1,385 
29 24.00 26.10 360 1,379 .648 1,151 
30 49.07 53.-35 445 834 .620 177 
31 40.22 43.73 1,290 2,930 .634 2,558 
32 53.50 58.28 520 392 .520 359 
33 44.26 43.12 150 313 . .630 130 
34 61.11 66.44 900 1,354 .615 465 
35' 39.15 42.57 225 • 529 .535 221 
36 30 ..30 32.95 150 486 .543 200 
37 85.86 93.35 730 782 .590 330 
38 57.38 62.39 590 946 .518 381 
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°^ . H = 2710 

97 
Thus, the zr. a c t i v i t y used i n the preparation of the solid 
sources f o r the end-window counter was obtained and the 
e f f i c i e n c y of the counter f o r sources of d i f f e r e n t weights 
found. i n making s o l i d sources f o r the end window 
counter a weighed quantity of the active solution was added to 
a solution containing 100 mgs. of Zr carrier and after 
digestion f o r a few' minutes to f a c i l i t a t e complete 
isotopic exchange between the active species and the 
inact i v e carrier zirconium tetramandelate was precipitated. 
A batch of sources of d i f f e r e n t weights was then prepared 
from the p r e c i p i t a t e , dried, mounted and'counted.' To 
eliminate the contribution of any contamination each 
of these s o l i d sources v;as' counted long enough to z^t a 
decay curve f o r resolution. The counting efficiency 
of the end-window counter f o r d i f f e r e n t -sources\;as then 
obtained by di v i d i n g the counting rate of the solid 
source by the disintegration rate of the same source 
calculated as set out above. The results of the 
c a l i b r a t i o n are shown i n Pig.. 9. • 

97 
Results of the measurements of zr f o r the-

r e l a t i v e y i e l d determinations of other Th f i s s i o n products 
are given i n Table VI. A° was obtained by applying 
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the appropriate correction f o r the chemical y i e l d to A^-j^^ 
Values f o r 'Y\„ v/ere obtained from the c a l i b r a t i o n curve 
i n Pig. 9 and S„ were calculated from recordings of the lijr 
neutron monitor throughout the i r r a d i a t i o n . 

2. 14-IJev Neutron pission of Thorium, 

(a) Bromine; 
The r e l a t i v e f i s s i o n yields of masses 83 and 84 were 

determined by radiochemical i s o l a t i o n and estimation of 
2.4h Br and 31.8m Br ^ respectively. The decay chain 
f o r these masses are:-

69s sê '̂ "̂. 114m Kr^^"' 
i 2.4h B r ^ 3 - ^ 

25m s e ^ ^ - ^ Kr^^ (stable) 

84 
6.0m Br 

.84 . o„ ^„84/^ 
Kr^'^ (stable). 

3.3m Se"* > 31.8m Br' 

I n order to allow s u f f i c i e n t time f o r the decay 
83 

of the precursors i n the case of Br separation procedures 
were not begun,until about 4 hours after the end of the 

84 
i r r a d i a t i o n ; i n the case of Br the time of 'cooling' 
was about half-an-hour. Tbe time f o r i r r a d i a t i o n was not 
the same i n each case. The y i e l d of 2.4h Br was deter-
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mined aft e r an i r r a d i a t i o n of about an hour. . Tbe y i e l d 
84 

of 32m Br was determined aft e r an i r r a d i a t i o n of about half-
an-hour using a new target to achieve maximum neutron f l u x , 

owing to the timing requirements, d i f f e r e n t 
chemical procedures was used f o r the d i f f e r e n t isotopes. 

83 
por the separation of Br the procedure used was essentially 

92 
that of Glendenin, Edwards and Gest as modified by 

93 
Ramaniah. The ir r a d i a t e d thorium n i t r a t e v/as dissolved 
inaabout 6 M n i t r i c acid and 2 ml of "bromide carrier were 
added to the solutiOjj. The bromide was oxidised to 
bromine with Qe^^, extracted i n t o carbon tetrachloride and 
then re-extracted i n t o aqueous sodium bisulphite. After 
a c i d i f i c a t i o n of the aqueous bromide solution with n i t r i c 
acid, active iodine was removed by oxidation of added 
iodide c a r r i e r with excess sodium n i t r i t e and subsequent 
extraction i n t o carbon tetrachloride. F i n a l l y the 
bromide was oxidised to bromine with excess potassiiim 
permanganate, extracted i n t o carbbn tetrachloride and re-
extracted in t o agueous sodium bi s u l p h i t e . This was then 
a c i d i f i e d , boiled to expel sulph-er dioxide and precipitated 
as s i l v e r bromide f o r source preparation and counting. 

The separation of 32m Br^* was performed by'the 
94 

method of Strassmann and Halm as modified by Sattizahn, 
Knight and Kahn.^^ i r r a d i a t e d thorium n i t r a t e was placed 
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i n a d i s t i l l a t i o n f l a s k containing 2 ml of bromide 
c a r r i e r i n 3 11 hot n i t r i c acid solution. After the 
i r r a d i a t e d sauple had dissolved, the bromide was oxidised 
to bromine with Ce^^^ and evolved gas \/as swept by nitrogen 
i n t o a separatory funnel containing freshly prepared ferrous 
siilphate solution and a l i t t l e iodide c a r r i e r . The 
iodide \.'as oxidised to iodine by sodium n i t r i t e and 
extracted i n t o carbon tetrachloride and the bromide was 
precipitated as s i l v e r brcn^ide f o r source preparation and 
counting. i?ull descriptions cf both the radiochemical 
procedures are given i n the appendix. 

83 
The Br sources v/ere counted f o r about 43 hours raid 

the Br • ones f o r about 24 hours. The Br sources 
decayed rapidly i n the beginning due to the presence of 
some 32m Br and then vath the expected h a l f - l i f e of 
2,4 hours. In the case of Br̂ *̂ ' sources, although the 
separations were not be^un u j i t i l half-an-hour af t e r the 
end of the i r r a d i a t i o n s , some short-lived a c t i v i t y was 
always found to be present i n the freshly prepared samples. 
This was due to short-lived bromine isotopes from f i s s i o n , 
especially 6,0m Bv^^, The 32ra Br^*^ sources also decayed 

G3 
with a long t a i l due to the presence of long-lived 
isotope from f i s s i o n . llo\;ever, the decay curves could 
always be resolved without d i f f i c u l t y . 
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Cali"bratioii of the p r o p o r t i o n a l counter f o r "bromine isotopes. 

The method of c a l i b r a t i n g the p r o p o r t i o n a l counter 

f o r s h o r t - l i v e d isotopes such as those of "bromine "becomes 

d i f f i c u l t and inconvenient "by the method suggested "by 

Steinherg, uhich e n t a i l s p l o t t i n g s e l f - a h s o r h t i o n curves f o r 

the isotopes. . An a l t e r n a t i v e method, o u t l i n e d "by Eayhurst 

and Prestwood^^ was t h e r e f o r e used. 

I n t h i s method a series of determinations of counting 

e f f i c i e n c i e s i s made using l o n g - l i v e d isotopes of convenient 

energies, and p l o t t e d i n the form of comiting e f f i c i e n c y , ^ , 

against avera^^e ̂  -energy f o r each of a s e r i e s of 

p r e c i p i t a t e weights, ranging from ahout 5 mgms t o 50 mgms. 

The p l o t s are constructed from the s e l f - a h s o r h t i o n curves 

of the isotopes used, as c a l i b r a t e d by counting. 

The s e l f - a b s o r b t i o n curve of any n u c l i d e of knorai average 

^ - e n e r g y , E , can then be read o f f from the Bayhurst 

curves. 
The average ^ - e n e r g y , £f , i s c a l c u l a t e d f o r ^ -

e m i t t e r s according t o the p r e s c r i p t i o n given by the authors 
97 

i n t h e i r o r i g i n a l papers. The c a l c u l a t i o n takes i n t o 

accoiint the maximum-energy, the spectrum shape, the atomic 

number of the n u c l i d e and whether i t i s a negatron or 

p o s i t r o n e m i t t e r . Th© counting e f f i c i e n c y of nuclides 

w i t h complex^-groups can also be calculated by weighting 



TABLE V i r 

Results f o r 2.4h Br^^. 

Run ?/t. of Chem. A° A° V| s„ x 
No. p p t . mg. Y i e l d OTDS. " ^Br 

t i v e 
y i e l d 

% 10^ 

8 6.45 27.18 8,200 30,169 .350 1,011 .591 

9 18.95 79.85 7,200 9,017 .342 448 .510 

10 16.23 68.38 20,666 30,222 .344 1,190 .638 

17 8.56 36.06 8,600 23,849 .348 1,577 .554 

18 10.17 42.85 50,000 70,012 .347 2,782 ..625 

Re l a t i v e y i e l d of 2.4h Br®^ = .583 + .023 



TABLE V I I T 
8A 

Results f o r 32 m Br " 

Run wt. of Chera. A° A° q X Rela-
No. ppt. mg. Y i e l d OTDS. „ Br ^^^^ 

fo y i e l d 

5 20.69 87.19 35,000 40,142 .340 270 .837 

.6 21.12 88.97 12,142 13,647 .340 133 .795 

7 13.57 57.20 24,300 42,483 .342 241 .859 

16 7.06 29.75 28,000 94,118 .345 858 .833 

R e l a t i v e y i e l d of 32m Br®^ = .831 + ..013 
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the e f f i c i e n c y o f each group "by i t s f r a c t i o n a l ahundance. 
Thus t o use the curve f o r ay3 - e m i t t e r ^7hose 

counting e f f i c i e n c y i s t o he determined i t i s only necessary 

t o c a l c u l a t e the average ^ - e n e r g y , ^ , and read o f f the 

e f f i c i e n c y on the curves f o r each of th e d i f f e r e n t 

source weights t o construct a c a l i h r a t i o n curve. 

The c a l i h r a t i o n curves f o r Br and Br ohtained 

hy the ahove method are given i n Fi g . 10 and F i g . 11 

r e s p e c t i v e l y . 

The r e s u l t s of the r e l a t i v e y i e l d measurements 

f o r Br are given i n Tahle V I I 5 and those f o r Br i n 

Tahle V I I I " . The values f o r Â ,̂, and J^^r taken 

from Tahle V I and r e l a t i v e y i e l d s v/ere c a l c u l a t e d hy 

ap p l y i n g the r e l a t i v e y i e l d ecLuation as deduced on pa^e 25. 

(TD) Molybdenum* 
The r e l a t i v e f i s s i o n y i e l d of mass nuraher 99 was 

of 99 
determined hy means^'66h. Mo . Th© decay chain of t h i s 
mass numher i s : nom 

6hTe^^'" 
30szr^^—>3mNh^^ >66hJlio^9 \ . 1 . QQ . R u ^ ^ s t a h l e ) 

^2.1xlO°yTc 

• The separation and radiochemical p u r i f i c a t i o n of the 

f i s s i o n product Mo from the i r r a d i a t e d sample uas "based-

on t h e method as described hy scadden. I n h r i e f , t h i s 
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method consists of the i n i t i a l separation of the added 

Mo c a r r i e r as the 0^-benzoinoximate from the f i s s i o n 

product mixture followed by two r e p r e c i p i t a t i o n s , d e s t r u c t i o n 

of the organic reagent w i t h n i t r i c - p e r c h l o r i c acid mixture, 

one scavenge w i t h Fe^"^ and a f i n a l p r e c i p i t a t i o n o f the 

MO as lead—nolybdate f o r source pr e p a r a t i o n , counting and 

chemical y i e l d determination. 

The f i s s i o n product Mo sources were counted f o r a 

couple of weeks and they decayed w i t h the expected h a l f -

l i f e of 66 hours a f t e r an i n i t i a l growing-in period of 6 

hour technetium daughter. 
99 

I n runs where l,lo was used as a "secondary" 
reference f o r the r e l a t i v e y i e l d determination of 8 days 
131 

I , the i r r a d i a t e d samples were 'cooled' f o r about 200 
131 

hours t o allow complete decay of I precursors. i n 
such cases the Th samples were i r r a d i a t e d f o r 3 hours w i t h 
the maximum obtainable n e u t r o n - f l u x and the Llo a c t i v i t y 
remaining a f t e r 'cooling' was s u f f i c i e n t f o r counting 
and e x t r a p o l a t i o n purposes. i n other cases the d u r a t i o n 
of the i r r a d i a t i o n was 2 hours and the chemistry s t a r t e d 
half-an-hour a f t e r the i r r a d i a t i o n , 

99 
u a x i b r a t i o n or the Counter f o r Mo 99 For c a l i b r a t i o n of the p r o p o r t i o n a l counter f o r Llo 



TABL5 IX 

99 
Results f o r 66h Llo 

Run Wt. of Chera. A° A° yi Ŝ .̂ x Rela-
No. TDpt. mg. Y i e l d obs. ^ ^ 3 "tive 

''̂  1^ y i e l d 

11. 20.25 52..10 325 624 .385 997 .739 

13 36.82 94.72 343 362 .350 712 .639 

14 16.50 42.45 350 824 . 390 1,377 . 616 

15 27.18 69.93 400 572 .365 1,409 .718 

18 5.85 15.05 593 3,940 .440 3,114 .674 

QQ 
R e l a t i v e y i e l d of 66h Llo'''̂ ^ = .677 + J023. 
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a s o l u t i o n of h i g h s p e c i f i c a c t i v i t y containing micro 
gram amounts of the c a r r i e r was obtained by i r r a d i a t i n g 

n a t u r a l molybdenum (as oxide) w i t h p i l e - n e u t r o n s , and 

separating Te from i t by dry d i s t i l l a t i o n immediately before 

talcing the Mo i n t o s o l u t i o n . A measured amount of the 

s o l u t i o n was d r i e d on a 4 ^ f i l m and counted i n a 47^ coiinter 
f o r determining the d i s i n t e g r a t i o n r a t e . The :-rowth of 

99 
6h Tc was observed i n the 4 7̂  sources and the c o n t r i b u t i o n 

99 
of Mo t o the t o t a l counting r a t e s was cal c u l a t e d using 
standard methods. 

A Isnown weight of the standard a c t i v e s o l u t i o n was 

acctec t o a known amount of Mo c a r r i e r and a set of sources 

covering the req u i r e d range of p r e c i p i t a t e weights was, 
99 

prepared. The s o l i d sources were counted w i t h Tc i n 
99 

t r a n s i e n t e q u i l i b r i u m w i t h Mo and the a c t i v i t i e s 
e x t r a p o l a t e d t o the time of separation. E f f i c i e n c y of the 
counter was then obtained by d i v i d i n g the observed counting 

99 
r a t e by the d i s i n t e g r a t i o n r a t e due t o Mo i n the s o l i d 

sources and a c a l i b r a t i o n curve was obtained as shown i n 

F i g . 12. 

The r e s u l t s f o r the r e l a t i v e f i s s i o n y i e l d measure­

ments are sho\wi i n Table IX. 
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( c ) Antimony. 
129 

4.6h Sb v/as used t o determine the r e l a t i v e 
f i s s i o n y i e l d of mass- number 129, The decay chain f o r 
t h i s mass number i s ; -

36,S ^^^^ 
4 . 6 h S b l ^ ^ ^ j ^ 1 . 7 x l 0 ' ^ y l ^ ^ ^ ^Xe^^^(stable) 

6 4 J S ^ 72m Te^^^ 

The radiochemical procedure used f o r the separation 
of f i s s i o n product antimony from i r r a d i a t e d thorium was 

based on the method described by Hagebp*", K j e l b e r g euid Pappas^^ 

w i t h some m o d i f i c a t i o n t o s u i t present conditions. The 

main steps involved i n the method being the o x i d a t i o n of 

added Sb"̂-"--̂  c a r r i e r t o Sb^ w i t h bromine, t o f a c i l i t a t e complete 

i s o t o p i c exchange, separation of antimony from other 
f i s s i o n products by p r e c i p i t a t i n g i t as sulphide, e x t r a c t i o n 
of Sb^ i n t o di-3sopropyl ether from concentrated hydrochloric 
a c i d , r e d u c t i o n and back e x t r a c t i o n of antimony i n t o 
0.5M h y d r o c h l o r i c a c i d , one scavenging p r e c i p i t a t i o n of 

Te and f i n a l p r e c i p i t a t i o n of Sb as the n-propyl g a l l a t e 

f o r source p r e p a r a t i o n and chemical y i e l d determination. 

A f t e r an i n i t i a l increase i n a c t i v i t y , due to the 

growth of 72m Te"'"̂ ,̂ the antimony samples decayed w i t h 
129 

the 4.6 hour h a l f - l i f e of Sb . The decay of the samples 

were f o l l o w e d f o r about 2 days so t h a t the small 



0"? 

0*6 

5 10 15 20 
Source weight,mg. 

Fig.13. Countig efficiency curve for 4'6h Sb' 
asfunctlon of source weight. 

129 

0-31 

\ 
0'2| 

5 10 15 20 
Source weight, mg. 
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c o n t r i b u t i o n from l o n g - l i v e d contamination could be 

allowed f o r . 

c a l i b r a t i o n of the p r o p o r t i o n a l counter f o r 4>6h. Sb"̂ ^̂ ; 
129 

An e s s e n t i a l l y c a r r i e r f r e e s o l u t i o n of Sb w i t h high 

s p e c i f i c a c t i v i t y was obtained from a sample of p i l e -

i r r a d i a t e d uranium by the method described above, reduced 

f o r working w i t h approximately 1 rag. of added c a r r i e r . 

The f i n a l step of p r e c i p i t a t i n g antimony v/as omitted. 

A f t e r appropriate d i l u t i o n measured amounts of the a c t i v e 

s o l u t i o n were d r i e d on 4 A - f i l m s f o r absolute d i s i n t e g r a -
129 

t i o n measurement. The absolute a c t i v i t y of Sb i n the 
4- 7? sources was c a l c u l a t e d . The c o r r e c t i o n f o r the 

129 
daughter Te which i s formed d i r e c t l y i n 64̂ 0 of the 

1 o n 

Sb d i s i n t e g r a t i o n s was c a l c u l a t e d from the decay 

constant. 

I f Sb"""̂ ^ = 1, Te-^^^= 2, then, when they have 
reached t r a n s i e n t e q u i l i b r i u m , 

H _ ^2 - -^1 100 ^ (0.9557 - 0.2510) ̂  ^ 
^2 ~ ^ 2 o4 - 64 X 0.009367 129 129 Assuming eoual d e t e c t i o n of Sb and :?e i n the 

4 A counter, 

A = A^ + Ag = ( 1 + ) = 1.874 A^ 



TABLE X 

Results f o r 4.6h Sb""-̂ .̂ 

Run Wt. of Chem. A ' A yi S x Relat-
No. ppt. mg. Y i e l d obs. L , -«3 i v e 

fo Sb -LU Y i e l d 

12 10.10 32.97 3,000 9,099 .628 724 .306 

13 •̂•'•̂  29.90 1,175 3,930 .630 633 .287 

14 8.51 27.78 2,700 9,719 .632 1,285 .335 

15 5.88 19.19 6,201 6,201 .633 1,318 .333 

Re l a t i v e y i e l d of 4.6h Sb''-̂ ^ = .315 + .011 
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Therefore, A^ = A/1.S74. 
129 The a c t i v i t y cue t o Sb of 3aca of the s o l i d 

sources v/as obtained by r e s o l u t i o n of the appropriate 
decay curve and the e f f i c i e n c y of the p r o p o r t i o n a l counter 
f o r counting these sources c a l c u l a t e d . The c a l i b r a t i o n 
curve of the counter f o r t h i s n u c l i d e i s given i n Fi g . 13. 

Results of the measurements of the y i e l d of 
' 129 Q7 

4.6h. Sb r e l a t i v e t o 17.Oh. Zr are given i n Table :i. 

(d) I o d i n e , 
The r e l a t i v e f i s s i o n y i e l d f o r mass number 131 

131 
v;as based on 8.05 I . The decay chain f o r t h i s mass 
'''' ^ 30hTel31 o.8^12c:::e^31 

3,4mSn^^^—-=>2SmSb^^^ ^ S . 0 5 d l ^ ^ ^ 
S ^ 2 4 ^ T e l ^ V ^ ^ ^ - ^ l e ^ S ^ C s t a -

b l e ) 

The separation method of iodi n e from other f i s s i o n 

products i s based on t h a t described by Meinke."'"^^ The 

procedure s t a r t s w i t h a redox cycle t o ensure complete 

exchange betv/een the f i s s i o n product iodine and the added 

c a r r i e r . i n b r i e f , the method consists of several p a r t i t i o n s 

betv/een c a r b o n t e t r a c h l o r i d e and aciueous phases of various 

compos i t i o n s i n t e r s p e r s e d w i t h appropriate s e l e c t i v e 

o x i d a t i o n or re d u c t i o n steps. The f u l l d e s c r i p t i o n of the 

procedure I s ' g i v e n i n the appendix. 



TABLE XI-

Results f o r S.OSd I"'-^-'-

Sun Wt. of Chem. A A yf S x Rela-
No. ppt.mg. Y i e l d obs. I I _ t i v e 

fo 10*̂  y i e l d 

19 10.51 43.56 250 574 .300 1,968 1,227 

20 16.57 68.68 210 306 . 289 1,441 1.271 

21 19.95 82.69 220 266 . 282 1,557 1.181 

22 19.75 81.86 155 189 .282 896 1.303 

131 99 Y i e l d of 8.05d I " ^ * ^ " ^ r e l a t i v e t o 66h Mo^ = 1.245 + .026.. 

R e l a t i v e y i e l d of 8.05d I " ^ ^ " ^ = .842 + ..045 
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I n order t o allow s u f f i c i e n t time f o r the decay 
131 

of l o n g - l i v e d precursors of I , iodi n e separations were 

not begun f o r some 200 hours a f t e r the end of the i r r a d i a ­

t i o n . The decay of the i o d i n e samples were followed 

f o r about f i v e weeks, a f t e r v/hich t h e i r a c t i v i t i e s became 

too low f o r r e l i a b l e measurement. 
The c a l i b r a t i o n of the p r o p o r t i o n a l counter f o r 

I " ^ " ^ " ^ was done i n the usual way. Radiochemically pure j^^^ 
was obtained from Radiochemical Centre, Amersham, U.K. The 
c a l i b r a t i o n curve i s given i n p i g . 14. 

The r e s u l t s f o r the r e l a t i v e y i e l d measurements • 
are shown i n Table X I . 

(e) praseodymium; 

For the determination of the r e l a t i v e f i s s i o n - y i e l d 
145 

of mass no. 145, 5.96 h. Pr was i s o l a t e d from the Th-
f i s s i o n products. The decay chain of the mass number 145 
i s ; -

3.0m Cê '̂ ^ > 5.96h. Pr"^^^ > ITd^'^ ( s t a b l e ) 

The procedure f o r the i s o l a t i o n and p u r i f i c a t i o n 

of Pr can r e a d i l y be d i v i d e d i n t o two p a r t s ; separation 

and p u r i f i c a t i o n of the r a r e earths as a group from other 

f i s s i o n products and ion-exchange separation of pr from 

the p u r i f i e d r a r e - e a r t h f r a c t i o n . 
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The conventional, method of separating f i s s i o n -

product rare-earths i n the form of f l u o r i d e s cannot be 

used i n the case of thorium because of the i n s o l u b i l i t y of 

thorium f l u o r i d e . I t -was t h e r e f o r e found convenient 

t o remove the b u l k of thorium from the f i s s i o n products 

before i s o l a t i n g the ra r e - e a r t h s . For p r i o r removal of 

the b u l k of thorium, separations based on precipitation,"^^"^ 
102 

e x t r a c t i o n of Th by s a l i c y l i c acid as w e l l as t r i - n -
103 

butyl-phosphate (TEP) were i n v e s t i g a t e d . Two 

e x t r a c t i o n s of thorium from 6M n i t r i c acid i n t o 20fo TBP 

s o l u t i o n i n petroleum ether ( b o i l i n g p o i n t 100-120°C) 

fo l l o w e d by an iodate p r e c i p i t a t i o n of Th i n cone. 

n i t r i c a c i d was fo-und t o be q u i t e s a t i s f a c t o r y and v/as 

incorporated i n t o the procedure adapted. 

A f t e r the removal of Th the s o l u t i o n i s made 
s i k a l i n e and rare-earths are p r e c i p i t a t e d as hydroxides. 
The r a r e earths are then p u r i f i e d from other f i s s i o n 
products by r o u t i n e radiochemical operations, as f o r 

104 
example, i n the method of nervik'. These include, 

i n order, a zirconium phosphate scavenging p r e c i p i t a t i o n , 

two p r e c i p i t a t i o n s of r a r e - e a r t h f l u o r i d e s , a barium s u l ­

phate scavenging p r e c i p i t a t i o n , p r e c i p i t a t i o n of rare-

earths hydroxides, passage of the rare-earth^i through a 
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Fig.15. Elution curve of rare earth tracer activities plus 
10mg Pr earner (no tracer); initial p'^3-2; pH changed 
continuously at J:tai pH unit per hour. 
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small column i n concentrated hydrochloric acid and 
r e p r e c i p i t a t i o n of r a r e - e a r t h hydroxides. A f t e r each 
p r e c i p i t a t i o n of r a r e - e a r t h f l u o r i d e s or hydroxides, the 
p r e c i p i t a t e i s washed w i t h d i l u t e h y d r o f l u o r i c a c i d or 
ammonium hydroxide, prom the radiochemically p u r i f i e d 
r a r e - e a r t h hydroxides as obtained ahove Ce i s extracted i n t o 
methyl i s o h u t y l ketone(hexone) i n the Ce"''̂  s t a t e and pr 
i s separated from the r e s t of the mixed r a r e - e a r t h 
a c t i v i t i e s "by a gradient e l u t i o n method. 

The general procedure of the method i s t h a t a 
mix t u r e of rare-earths i s f i r s t adsorbed on the top p o r t i o n 
of a long narrow column of cation-exchange r e s i n and 
i n d i v i d u a l members are then s e l e c t i v e l y eluted 
by passing a s o l u t i o n c o n t a i n i n g a s u i t a b l e complexing agent 
through the column and c o l l e c t i n g appropriate p o r t i o n s 
of the eluant f o r a p a r t i c u l a r element. The degree of 
separation f o r a p a r t i c u l a r system depends on various 
f a c t o r s , such as, teraperature^cross-linking of the r e s i n used, 
size of the r e s i n p a r t i c l e s , dimensions of the column, 
co n c e n t r a t i o n of the e l u t i n g agent and i t s pH, f l o w - r a t e 
of the eluant through the column and the amoujit of c a r r i e r 
used f o r d i f f e r e n t r a r e earths. Though many procedures 
w i t h optimum conditions f o r such separations have been 
r e p o r t e d , f o r the separation of a p a r t i c u l a r r a r e - e a r t h 
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c a r r i e r from a mixture of other r a r e - e a r t h a c t i v i t i e s , other 

c o n d i t i o n s could undoubtedly be found\/which would give 

b e t t e r r e s u l t s . Comjiaring a number of d i f f e r e n t 
procedures p r e v i o u s l y recommended, a method reported by 

105 
Nervik v/ith s u i t a b l e m o d i f i c a t i o n s has been used i n 
the present work. 

A f u l l d e s c r i p t i o n of the apparatus, chemicals 
and experimental procedures are given i n the appendix. Only 
the experimental c o n d i t i o n s are given below:-

Resin: Zeo-Karb—225, 100-.200 mesh, 4-5;̂  cross-
l i n k e d , 

Column: 60 cm x 7 mm i n t e r n a l diameter. 
Temperature: 90 + 3°C 
Eluant: 1 lu ammonium l a c t a t e , 
pH of the s o l u t i o n s ; Upper s o l u t i o n 7.0 

LoY/er s o l u t i o n 3,2 
•plow r a t e : about 4 drops per minute, 30 drops 

i n each f r a c t i o n , 
Appx. time of separation: 8 hours. 
I n t r i a l runs, 10 mg. of i n a c t i v e pr w i t h t r a c e r 

a c t i v i t i e s of Y, Eu and Ce was used t o demonstrate the 
e f f i c i e n c y of separation under the conditions described 
above. I t has been shown by Nervik t h a t the use of c a r r i e r 
f o r a p a r t i c u l a r element widens i t s peak i n t h i s sort of 
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separation. I t i s also evident from p i g . 15 t h a t the pr 
peak v/as found t o spread over 6 t o 7 f r a c t i o n s . To avoid 
any p o s s i b l e cross contamination, middle f r a c t i o n s were 
taken f o r counting and chemical y i e l d determination, 
p r i o r separation of f i s s i o n - p r o d u c t Ce by solvent e x t r a c t i o n 
from p u r i f i e d r a r e - e a r t h a c t i v i t i e s beifore they were put 
on the column improves the degree of separation on the 
column. The decay curve i n p i g . 16 shows t h a t pr 
a c t i v i t i e s thus separated v;ere e s s e n t i a l l y f r e e from any 
other contamination and decayed w i t h a h a l f - l i f e of 
5.96 hours. Tbe precursor o f 13.7 days Pr"^'^^ (33 hr. Ce"̂ "̂ )̂ 
i s long l i v e d and i t s separation from the p u r i f i e d r a r e -
e a r t h group should e l i m i n a t e most of the contamination of 
p r by pr . Other isotopes of pr produced during 

f i s s i o n (24.4m pr"'"'^^, 12m Pr^'^'^, 1.95m Pr"'--®) are too 
145 

short l i v e d t o be seen i n the i s o l a t e d Pr ,the separation 
i n a l l t a k i n g about 10 hours. Any p o s s i b i l i t y of 
6.13'hr. actinium contamination i s ruled out from the 
f a c t t h a t the countinc of other f r a c t i o n s i n an actual 
run showed a peak (P.ig. 17), a f t e r p r. This peak 
i s due t o La and Ac cannot be el u t e d before La i n the 
present c o n d i t i o n s . 

During a c t u a l runs p r f r a c t i o n s were located i n the 

c o l l e c t i n g tubes by adding 1 ml of saturated ammonium 
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oxalate s o l u t i o n which forms a b l u i s h Praseodymiu.ra-oxalate 
p r e c i p i t a t e . For y i e l d determinations and counting 
3 or 4 middle f r a c t i o n s were added together and a source 
was prepared i n the usual \/ay. A f t e r f o l l o w i n g the 
decay of the source, i t s Pr content was determined by a 
back t i t r a - : i o n method w i t h HDTA and zn usin^^- i^riochrome Black 
T as an i n d i c a t o r as described e a r l i e r (see page 48) 

145 
C a l i b r a t i o n of the p r o p o r t i o n a l counter f o r p r 

Due t o the lengthy and complicated procedure 
145 

req.uireu f o r the separation of Pr from f i s s i o n prcducts 

and the shortness of i t s h a l f - l i f e i t was not possible 

t o c a l i b r a t e the counter c . i r e c t l y f o r Pr"^^^. Instead 

the coimter ".vas c a l i b r a t e d f o r Pr ~" using Y . I t has 

got a Ion:; h a l f - l i f e (58 days) and c r j i be e a s i l y obtained 

i n the radiochemically pure form from The Radioisotope 
12) 5 91 

Centre, Amarsham, U.K. Both ? r ~ and Y have s i u ^ i l a r 
1'' 5 

decay schemes w i t h comparable y^-energics. (?r , ^ = 

1.70 Llev; Ŷ "̂ , = 1.45 Liev) and s i m i l a r envirorji'ent 

i . e . oxalate p r e c i p i t a t e s . I t has been deuionijtrated 
96 

by Bayhurst and prestwood, t h a t f o r mean energies above 

0.5 Mev. the change of counting e f f i c i e n c y w i t h mean 

energy i n a p r o p o r t i o n a l coiinter i s n e g l i g i b l e . 
91 

A s o l u t i o n of c a r r i e r f r e e Y was obtained from 
the Radiochemical Centre, Amersham and a f t e r appropriate 
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TABLE X I I 

Results; f o r 5.9h • pr"^'^^ 

o Run Wt. of Chem. A^^^ A° W Sp x Rela-
No. ppt.mg. Y i e l d ''̂  g t i v e 

^ 10" Y i e l d 

1 13.79 55.48 5,100 5,588 .345 2,187 .799 

10.80 43.45 1,900 4,373 .345 1,351 .845 

7.52 30.25 625 2,070 .347 650 .835 

8.03 32.31 675 2,089 .346 1,240 .808 

R e l a t i v e y i e l d of 5.9h pr"'"'^^ = .821 + .011. 
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d i l u t i o n i t s absolute a c t i v i t y was determined by 47^ 

counting of a l i q u o t p a r t s , A v/eighed queuitity of the 

a c t i v e s o l i i t i o n was then added t o a measured arao-.mt of 

y t t r i u m c a r r i e r s o l u t i o n and the y t t r i u m was p r e c i p i t a t e d 

as oxalate. A set of sources of d i f f e r e n t weights was 

prepared from the p r e c i p i t a t e f o r end-v/indow p r o p o r t i o n a l • 

counting. The e f f i c i e n c y of the counter f o r countini; 
d i f f e r e n t sources' i . e . counts per minute 

d i s i n t e g r a t i o n per minute * 

determined and the c a l i b r a t i o n curve i s given i n p i g , 18, " 

The r e s u l t s of the r e l a t i v e y i e l d measurements 

f o r p r " are [-Iven i n Table X I I . 
3. 5-Mev. Keutron F i s s i o n o f Thorium 

(a) Bromine 
The r e l a t i v e f i s s i o n y i e l d s of mass numbers 83 

and 84 were based on 2,4h Br and 3Sm Br r e s p e c t i v e l y . 

The decay chain of these mass numbers and the d e s c r i p t i o n 

of the experimental procedures have already been discussed 

on page 63. The f u l l radiochemical procedures f o r the 

i s o l a t i o n and p u r i f i c a t i o n of these nuclides are given i n 

the appendix. I n c a l c u l a t i n g the r e l a t i v e y i e l d s f o r these 

mass numbers the values f o r Ao^^, S^^ and f^^p "̂̂ ©̂ e taken 

from Table V I , w h i l e the values f o r A.-Q^ were taken from 



TABLS Xlir 

Results f o r 2.4 h Br®^ 

Run \ / t . of Chem. A°^ A° ^ S x Relat-
No. ppt. mg. Y i e l d 1 3 i v e 

fo Sr 10 ^^^^ 

33 16.46 69.35 295 424 .342 113 .405 

34 19.76 83.26 1,500 1,801 .339 391 .404 

37 13.60 57.30 645 1,125 .343 3€0 .389 

R e l a t i v e y i e l d of 2.4 h Br®^ = .399 + .004. 



TA3LE XIV 

Results f o r 32 m Br ' 

Run \Tt. of Chem. A^^ A yi S x Relat­
ive ppt. mg. Y i e l d ^Br 3 i v e 

% . 1° Y i e l d 

30 22.20 93.54 6,350 6,787 .340 130 .626 

35 19.52 82.25 3,300 4,012 .348 166 .580 

36 14.58 61.43 2,907 3,907 .344 153 .608 

QA 
R e l a t i v e Y i e l d of 32m Br = .604 + .013 



TABLE XV 
99 

Results f o r 66h Mo 

Run Wt. of C^era. A° -L^ A° y, S x Rela-
No. ppt. mg. Y i e l d 'L. .^3 t i v e 

^ ^° Y i e l d 

32 23.70 60.96 52 85.3 .375 378 .590 

33 30.55 78.57 21 26.7 .360 132 .562 

34 • 10.01 25.75 35 135.9 .412 475 .566 
V. 

V 
37 15.91 40.92 30 73.3 .390 386 .531 

99 
Re l a t i v e y i e l d of 66h LIo = .562 + .016. 
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F i g , 10 ( f o r Br^^) and from F i g . 11 ( f o r Br^*^), The 
83 

i f e s u l t s f o r the r e l a t i v e y i e l d measurements f o r Br are 
84 

given i n Table X I I I and those f o r Br i n Table ]C[V. 

(b) Molybd^um 
The r e l a t i v e y i e l d of mass number 99 was determined 

99 
by i s o l a t i n g and measuring 66h Llo produced during the 

3-Lien. neutron induced f i s s i o n of thorium. The decay of 

t h i s mass-chain and the experimental procedures r e l a t i n g 

t o t he separation and c a l i b r a t i o n of the coujiter f o r t h i s 

n u c l i d e have already .been discussed i n f u l l on page 67. For 

the c a l c u l a t i o n of the r e l a t i v e y i e l d values f d r A°yp , 3̂ ., 

and v/ere taken from Tf-ble V I and those f o r A„r^ tror. 

F i g . 12. Tile r e s u l t s f o r the measurements are ::iveii 

i n Table 
( c ) Antimony 

TO determine the r e l a t i v e y i e l d of mass number 129 

i n the 3-I,;ev. neutron induced f i G S i o r . of thorium, 4.oh 

Sb was radiochemically separated, p u r i f i e d aiid 

determined from the f i s s i o n products. The decay chain 

of t h i s mass number and the experimental procedures 

r e l a t i n g t o the separation and measurement of Sb""' have-

been described on page 70 while the d e t a i l e d radiochemical 

procedure i s given i n the appendix. 



TABLE m 

Results f o r 4.6h Sb"̂  

Run Wt. of Chem. A?^ A° ^ S x. Rela-
No. ppt. mg Y i e l d ' i g ^ ̂ Q3 t i v e 

1 9Q 
R e l a t i v e y i e l d of 4.6h S b ^ = .030 + .001. 

Y i e l d 

23 8.75 28.56 68 238 .631 781 .050 

24 10.22 33.36 72 216 .628 691 .028 

38 10.72 34.99 38 109 .625 361 .032 
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The r e s u l t s f o r the r e l a t i v e y i e l d measurements are 
given i n Table : L V I . I n c a l c u l c i t i n g the r e l a t i v e y i e l d 
values of A°^, Ŝ ^ and y\ were taken from Table V I 
and the values of ̂ Q-Q from Pi^;. 13. 

(d) T e l l u r i u m . 
The r e l a t i v e f i s s i o n y i e l d f o r mass number 132 was 

deterniined by the radiochemical separation and determination 
132 

of 77 hours Te The decay chain f o r t h i s mass number 

i s : -
2.2m Sn-*-̂ ^ > 2.1m Sb^^^ > 77h Te-"-^^—v2.30h I " ^ ^ ^ > 

xe^^^ ( s t a b l e ) 
Chemical procedures f o r the separation of t e l l u r i u m 

from i r r a d i a t e d samples were not st a r t e d u n t i l about 
half-an-hour a f t e r the end of i r r a d i a t i o n i n order to allow 
s u f f i c i e n t time f o r the decay of i t s precursors. The 
separation chemistry s t a r t e d w i t h a redox cycle as described 
by Hoering i n order t o ensure complete i s o t o p i c exchai^ge 
between the f i s s i o n product t e l l u r i u m and the added c a r r i e r . 
Gross separation of t e l l u r i u m was performed by p r e c i p i t a t i n g 
i t i n the elemental form u s i n g stannous c h l o r i d e as 
suggested by Hagebo, Kejelberg and Pappas.99 , Further 
radiochemical p u r i f i c a t i o n was done by repeated p r e c i p i t a t i o n 
and scavenging w i t h f e r r i c hydroxide. I n the f i n a l step 
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t e l l u r i u m was p r e c i p i t a t e d w i t h hydrazine and sulphur 
d i o x i d e f o r source p r e p a r a t i o n and counting. The f u l l 
•radiochemical procedures are given i n the appendix. Sources 
prepared by t h i s method co n t a i n i n g f i s s i o n - p r o d u c t t e l l u r i u m 
decayed w i t h the 77h h a l f - l i f e of Te^^^ a f t e r the i n i t i a l 
growing i n of I 

The e f f i c i e n c y of the end-window p r o p o r t i o n a l 
counter was determined by Bayhurst's method as descrihed 

e a r l i e r and the c a l i b r a t i o n curves of the counter e f f i c i e n c y 
132 132 

f o r Te and X against source weights are given i n 
Pig. 19. 

132 132 
From the observed counting r a t e due t o Te jj-tjo 

i n t r a n s i e n t e q u i l i b r i u m , d i s i n t e g r a t i o n r a t e due t o 
132 

Te was c a l c u l a t e d as f o l l o w s : 
Let A, N and ig denote counting r a t e , d i s i n t e g r a t i o n 

r a t e and counter e f f i c i e n c y r e s p e c t i v e l y , then using the 
132 132 

s u b s c r i p t s 1 and 2 f o r Te and I r e s p e c t i v e l y , we have, 

'^1 X2 - X l ~ Xs 
A i = % 6 l ^ = '^2'^^2 

NOW, A = + Ag 

= + ^ 2 ^ 2 
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132 
Fig .19. Counting efficiency curves for 77h Te 

1!̂  
and- 2"3h I as function of source weight. 
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Results f o r 77h Te^^^ 

Ran Wt. of Chem. A A S x Rela-
No. ppt.mg. Y i e l d C 3 t i v e 

5S ^ Y i e l d 

25 1.87} 18.97 62 327 1.721 1,091 .520 

26 6.28 63.74 260 408 1.894 965 .638 

27 6.06 61.50 185 301 1.880 1,599 .729 

R e l a t i v e Y i e l d of 77h Te^^^ = .629 + .060. 



83.. 
>>2 . 

= 1̂ 1 .fel + % X2 - \ l 

M /' ̂  ^ 0» 00502 / „ . 
^^1 '^^'l 0.00502 - 0.00015 '/ 

= ( ̂ 1 - + 1.0308 ^2 ) 

A 

0^ 1.0308 

= A.e^ 

The • e f f i c i e n c y f a c t o r ' e„ = ^ 1 + 1.0308 was 

c a l c u l a t e d f o r a p a r t i c u l a r source weight reading the 

values of 4 ^ and ^ g from p i g . 19. 

The r e s u l t s of the r e l a t i v e y i e l d measurements of 
t h i s n u c l i d e are given i n Table>^Vi| The r e l a t i v e y i e l d 
was c a l c u l a t e d hy applying the r e l a t i v e y i e l d equation 
as deduced on page 25 and the values f o r ^ A^^ and ^^.^ 
were taken from Table CVl 

(e) Cerium 
The r e l a t i v e f i s s i o n y i e l d of mass number 143 i n 

the 3-Mev neutron f i s s i o n of thorium was determined by 
the radiochemical p u r i f i c a t i o n and determination of 

33h Ce-̂  rphe decay chain f o r the mass niunber being 

I s x e ^ ^ ^ — ^ ( short Qs)—^ylSsBa^^^—^18mLa^^^—>33hCe^^^—> 

13.7d pr"'-'̂ ^ ^^d-^*^(stable) 
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143 143 

TO a l l o w decay o f the 18m La precursor o f Ce the 
separation of the f i s s i o n product ceriuin from i r r a d i a t e d 

thorium nas not began u n t i l about two hours a f t e r the end 

of an i r r a d i a t i o n . Cerlvm and praseodymium we r e 

alv/ays separated from the same i r r a d i a t e d sample. This 

was done because i t was found convenient t o separate 

cerium and praseodymium (together w i t h other rare-earth 

. f i s s i o n products) as a group d u r i n g the i n i t i a l steps 

of the separation procedure. A f t e r the gross separa­

t i o n and p u r i f i c a t i o n of f i s s i o n product rare-earths"' 

as'a group, as mentioned e a r l i e r (see page 73) cerivmi 

yia.3 o x i d i s e d t o Ce'̂ '̂ and extracted i n t o hexone by the 
107 

method diescribed by Glendenin and Steinberg. A d e t a i l ­
ed descrip-Dion ox i^ne procedure i s given i n the aj^pendix. 
The cerium was f i n a l l y p r e c i p i t a t e d as cerous oxalate f o r 
source p r e p a r a t i o n and counting. A f t e r f o l l o w i n g the 
decay of the sources f o r about three hundred hours, 
t h e i r perium contents were determined by a b a c k - t i t r a t i o n 
method w i t h EDTA and' Zinc, u s i n g Eriochrome Black T as-
an i n d i c a t o r , (see page 48), Sources of f i s s i o n product 
cerium decayed w i t h a h a l f - l i f e of 33 hours w i t h a long t a i l 

143 
due t o the growing-in o f 13.7d pr - .- The decay curves 

could always be resolved without d i f f i c u l t y , however. 



TABLE X V I I I 
143 

r e s u l t s f o r 33h Ce 

Run Wt. of Chem. A° ^ S x Rela-
No. ppt. mg. Y i e l d ^_ .^3 t i v e . 

fo y i e l d 

28- 9.98 40.00 365 913 .370 1,420 1.284 

29 3.94 15.79 84 531 .385 1,200 1.211 

31 10.35 41.48 475 1,145 .370 2,593 1.269 

Re l a t i v e y i e l d of 33h Ce ̂  = 1.254 + .021 
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143 C a l i b r a t i o n of the p r o p o r t i o n a l Counter f o r 33h Ce 

A v i r t u a l l y c a r r i e r - f r e e s o l u t i o n of cerium 

a c t i v i t y was separated from p i l e - i r r a d i a t e d uranium by the 

method of Glendenin and Steinberg reduced f o r working w i t h 

1 mg of added c a r r i e r and o m i t t i n g the f i n a l p r e c i p i t a t i o n 

step. The d i s i n t e g r a t i o n r a t e of the s o l u t i o n was 

determined by 47Jcoiinting of a l i q u o t p a r t s . S o l i d 

sources c o n t a i n i n g known amounts of cerium a c t i v i t y were 

prepared and counted long enough t o enable t h e i r decay 

curves t o be resolved. A c a l i b r a t i o n curve was drawn 

f o r the e f f i c i e n c y of the p r o p o r t i o n a l counter f o r 
143 

d e t e c t i n g Ce i n sources of d i f f e r e n t weights of 

cerium oxalate. The c a l i b r a t i o n curve i s given i n F i g . 20. 

The r e s u l t s of the y i e l d measurement are given i n Table 

X V I I I . 
( f ) praseodymium 

The r e l a t i v e f i a s i o n y i e l d of mass number 145 
145 

was based on 5.96h pr . The decay chain of t h i s mass number 

has been 'given on page 73. The experimental procedures 

f o r the separation of praseodymium from f i s s i o n products 

of thorium and f o r the c a l i b r a t i o n of the p r o p o r t i o n a l 

counter were the same as those described i n connection w i t h 

the r e l a t i v e y i e l d measurement of Pr from the M-tlev. 



TABLE XIX 

145 
Results f o r 5.96h p r 

M vft. of Chem. A°^„ A T» S X Sela-
ppt.mg. Y i e l d .^5 t i v e 

fo • Y i e l d 

28 7.56 30.42 • 1,075 3,534 .343 1,294 1.063 

29 4.11 16.54 310 1,874 .344 1,118 .930 

31 5.37 21.61 945 4,373 . 344 2,431 1.005 

145 
R e l a t i v e y i e l d of 5.9oh pr-^^° = .999 + .038 
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neutron induced f i s s i o n of thorium, >• 
The r e l a t i v e f i s s i o n y i e l d was ca l c u l a t e d by applying 

the r e l a t i v e y i e l d equation as deduced on page 25. A^p* 

S^p and y[ 2r values were taken from Table v i and the values 

f o r y|p^ were obtained from p i g . 18. The r e s u l t s of 

the r e l a t i v e y i e l d measurements are given i n Table XIX. 
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CIIAPTIIR IV 

TRIATmTT OF Tl-m DATA, RESULTS Mm DISCUSSION 

1. General Treatment of the Results; 

The method used i n c a l c u l a t i n g the y i e l d of a 

p a r t i c u l a r n u c l i d e r e l a t i v e t o one of the f i s s i o n products 
97 

( i n t he present work 17h Zr ) has already been discussed i n 

chapter i i . Because of the longer 'cooling' time required 
1*51 

t o a l l o w f o r the decay of precnrsers o f 8.05d I , i t was 

found convenient t o determine i t s f i s s i o n y i e l d r e l a t i v e 

t o 66h Mo^^. The y i e l d of l-^*^-"- r e l a t i v e t o Mo^^ was 
99 97 m u l t i p l i e d by the y i e l d of Mo r e l a t i v e t o z r t o obtain 131 97 the y i e l d of I r e l a t i v e t o Zr . The r e s u l t s of the 

r e l a t i v e y i e l d measurements are given i n Table XXI. I n 
each case at l e a s t three measurements v/ere made and each datum 

i n column 2 of Table ]QCI i s the mean of such measurements 
The e r r o r shown there i s simply the standard e r r o r of the 
mean of the r e p l i c a t e experiments. I t was estimated t h a t 

132 
the r e l a t i v e e r r o r s were good t o + except f o r Te where 
the higher e r r o r (about 10%) v/as probably p a r t l y due t o 
u n c e r t a i n t y i n chemical composition and p a r t l y due t o low 
counting r a t e s . However, f o r c a l c u l a t i n g the v values, 
drav/ing the mass y i e l d curves and determining the maxima 
of the peaks, only the mean values were used. 



88. 

2. Correction f o r the Measured Y i e l d s t o T o t a l Chain Yields; 

I t has been mentioned i n chapter I I t h a t i n 

measuring radipchemically the r e l a t i v e f i s s i o n / o f any / y i e l d 

n u c l i d e which i s one or two Jh -isobars av/ay from the 

. s t a b l e end of the decay chain, one determines the cumulative 

y i e l d ' o f the decay chain i n cLuestion down t o and i n c l u d i n g 

the n u c l i d e a c t u a l l y determined. To obtain the t o t a l 

chain y i e l d , t h e r e f o r e , an appropriate and necessary 

c o r r e c t i o n should be applied. por low and moderately 

energetic p a r t i c l e s inducing f i s s i o n i n heavy elements, 

the most p l a u s i b l e and widely used procedure by means of which 

the measured y i e l d s are adjusted t o t o t a l chain y i e l d i s the 

'egual charge displacement' hypothesis as, proposed by 
113 

Glendenin et a l . Thais p o s t u l a t e s t h a t the most 
•probable mode of charge d i v i s i o n leads t o equal chain 
l e n g t h f o r the complementary fragments i . e . 

- = V -
Where Z" i s the most probable charge and Z~ i s the rr.ost p • . -a-
s t a b l e charge.for a chain of isobars. The masses A and 

A* are r e l a t e d t o the mass number A^ of the f i s s i o n i n g 

nucleus and v, the mean number of secondary neutrons emitted 

by t h a t p a r t i c u l a r fragment p a i r , by the f o l l o w i n g equation: 

A + a ' = Af. - V ( I I I ) 
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Again, the conservation of charge f o r neutron 
Induced f i s s i o n requires t h a t : 

Zp + Zp« = ( I V ) 

where Z'̂  i s the charge of the f i s s i o n i n g nucleus. prom 
equations ( l l ) and ( I V ) , i t f o l l o w s by the e l i m i n a t i o n of 
Zp^, t h a t : 

Zp = Z^ - ^: {Z^+ Z^,- Z f ) (V) 

I t also f o l l o w s from equation ( i l l ) t h a t : 

A* = A^ - A - V ( V I ) 

The independent y i e l d of the f i s s i o n products of a 
given A when p l o t t e d against t h e i r Z values f o l l o w a 

Gaussian d i s t r i b u t i o n ; the z at the peak of the curve i s 
114. 

r e f e r r e d t o as Zp. I7ahl et a l have shown t h a t i n 
general a s i n g l e Gaussian d i s t r i b u t i o n curve f i t s the 
independent y i e l d s f a i r l y w e l l f o r most of the chains produced 
by n u c l e i undergoing f i s s i o n at ililow and moderate energies, 

115 
Alexander said C o r y e l l have measured the independent 

f i s s i o n y i e l d s of a number of products i n the f i s s i o n of 

thorium by f a s t neutrons and have found the r e s u l t s t o be 

consis t e n t w i t h the eq.ual charge displacement 'hypothesis, 

i n the present work, t h e r e f o r e , t h i s hypothesis, of equal 

charge displacement was used f o r c o r r e c t i n g the measured 
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cumulative y i e l d s t o t o t a l chain y i e l d s . 

For c a l c u l a t i n g the Z-^ values i n the present 

i n v e s t i g a t i o n , values of Z and z..̂  were ca l c u l a t e d as 
1 1 

suggested by C o r y e l l . To o b t a i n the A*̂  value using equa­

t i o n ( V l ) , i t i s necessary t o know the values of v, the 

number of secondary neutrons emitted by t h a t p a r t i c u l a r 

p a i r d u r i n g f i s s i o n . I t i s now w e l l established t h a t 

t h e r e i s a strong v a r i a t i o n of neutron y i e l d w i t h fragment 

mass and i t i s d e s i r a b l e t h a t i n c a l c u l a t i n g A* values, 

a p p r o p r i a t e v values should be used. Unfortunately, no 
232 

such data are a v a i l a b l e f o r Th . i n deed, one of the 

purposes of the present work was t o determine the number of 

secondary neutrons f o r a few fragment p a i r s i n the f a s t 
232 

neutron induced f i s s i o n of Th . However, the c o n t r i b u t i o n 
o f the v a r i a t i o n of the number of neutrons i n c a l c u l a t i n g 
Zp and hence the t o t a l chain j a e l d i s so small t h a t the 
use of a constant v value w i l l not make much s i i ; n i f i c a n t 
d i f f e r e n c e i n the t o t a l chain y i e l d values. 

A f t e r c a l c i i l a t i n g Zp» using V values of 2.4 and 4.4 
232 -̂8 

r e s p e c t i v e l y f o r 3- and 14-Llev neutron f i s s i o n of Th 

Z-Zp values of the nuclides measured were obtained and tV.e 

independent y i e l d of the oucaesBor(s) of the mass chain 

concerned were rend o f f from the conventional char^je 



Calculated valiies of ;;-Z,̂  and independent y i e l d s of the 
successors. 

A Z^ AO l^c: 2^ + Z.::: Z Zp ^ Z p I ^ . of 
success­ors. 

por 14-L:ev. '.1 'Z p 
neutron f i s s i o n o f Th" = 4.4 

83 38.1 145.5 80.8 98.9 35 32.7 2.3 < : i o " ^ 

84 36.5 144.6 30.5 97.0 35 33.0 2.0 < 10"^x5 
97 42.5 131.6 54.5 97.0 40 39.0 1.0 = 10"^ 
99 43.3 129.6 53.8 97.1 42 39.8 2.2 < 10"^ 

129 53.6 99.8 43.5 97.1 • 51 50.1 0.9 •- 10"^xl.5 
131 54.3 97.8 42.7 97.Q 53 50.8 2.2 < 10"^ 
145 60.6 83.8 38.4 97.0 59 57.1 2.9 < 10"^ 
por S-Liev. neutron f i s s i o n of Th"^^, V = 2.4 
8.3' 36.1 147.8 81.5 97.6 35 32.3 2.7 < 10"^ 
84 36.5 146.6 G1.2 97.7 35 32.7 2.3 < 10"^ 

97 42.5 133.6 55.2 97.7 40 38.7 1.3 -10"^x3 
99 43.3 121.6 54.5 97.8 42 39.4 2.8 ^ 10"^ 

129 53.6 101.6 44.3 97.9 51 49.7 1.3 = 10"^x3 

132 54.8 98.6 43.1 97.7 52 50.8 1.2 =: 10"^::3.5 

143 59.9 87.6 38.4* 98.1 58. 55.9 2.2 < 10"^ 

145 60.6 85.'6 37.1 97.7 59 56.8 2,2 < 10-5 

Avorap:e of two s h e l l values. 



TABLH Xia 
Correction of measured f i e l d s t o t o t a l chain y i e l d s ; 

Mass 
No,. Measured y i e l d 

^ Chain 
measured 

T o t a l 
Chain Y i e l d 

Energy of t h j 
neutron 

83 0.583+ .023 100 0.583+ .023 
84 0.831+ .013 100 ! 0.831+ .013 
97 1.000 99 1.010 

14-Mev -

99 0.577+ .023 .100 0.677+ .023 
129 0.315+ .011 98.5 0.320+ .011 
131 0.842+ .045 100 0.842+ .045 
145 0.821+ .011 100 0.821+ .021 
83 0.399+ .004 100 0.399+ .004 
84 0.604+ .013- 100 0.604+ .013 

3-Mev 
97 • 1.000 99.7 1.003 
99 0.562+ .016 100 0.562+ .016 

129 0.030+ .001 " 99.7 0.030+ .001. 
132 0.629+ .060 • 99.65 0.631+ .060 
143 ' 1.254£ .021 •100 • 1.254+ .021 
145 0.999+ .038 ' 100 0.999+ .038 



91. 

d i s t r i b u t i o n p l o t of '."ah 1 et al.''""^'^ This p a r t i c u l a r charge 

d i s t r i b u t i o n curve is- br.sed on the independent f i s s i o n y i e l d 

measurement of the m a j o r i t y of the isobars of s i : : chainc 

and i t i s thought t o be the best chajcge d i s t r i b u t i o n curve 

so f a r j^ublished. The r e s u l t s of the c a l c u l a t i o n of 

Z-Zp values are givo i i i n Table X'Z und the values of the 

t o t a l chain y i e l d as obtained a f t e r ap f l y i n g necessary 

c o r r e c t i o n are given i n Table iCCI. 

Some refinements of the eq^ual charge dis.Jlaceraent 
117 

hypothesis of Glendenin was made by PaP^^as taking' i n t o •. 

accLunt the e f f e c t of the neutron and proton s h e l l s 

on s t a b i l i t y , in' order t o explain some ez-cperimental "-csults, 

c^specially f i n e s t r u c t u r e i n the mass jj'ield curves. Accord­

i n g t o the c-lendenin-pappas eq.ual charge displacement 

hypothesis,Zp of a p a r t i c u l a r n u c l i d e i s eicpcessed by the 

r e l a t i o n ; 

^ " ^A+n + ^ (^f-A-n + \-n ~ ^t^ 

To use the above r e l a t i o n i n c a l c u l a t i n g Zp and Z - Z-, • 

values, i t i s e s s e n t i a l t o know the e::act number of 

secondary neutrons e n i t t e d i n ass o c i a t i o n \ilth the product­

i o n of complementary fragment, masses. Because of the 

n o n - a v a l l a b i l i t y of such i n f o r m a t i o n on the neutron f i s s i o n 

of Th^^^ i t was found i m p r a c t i c a b l e t o use t h i s method 

i n the present i n v e s t i g a t i o n . 
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Determination of the iTum'ber of Seco^^flary iTeutrons i n the 
232 

gast iTe-gtron mission of Th ; 
Having corrected the measured r e l a t i v e y i e l d s to t o t a l 

chain y i e l d s , the nuraoer of secondary neutrons emitted hy 
a p a r t i c u l a r fratitnent p a i r \;as determined, The determination 
was made hy adding the masses of the complementary fragments 
and s u h t r a c t i n s the srjn from the mass of the compound 
nucleus. Thus, i f v he the numher of secondary neutrons, 
and Aj^ and Ajj, the masses of the heavy and l i ^ h t fragments 
r e s p e c t i v e l y , then 

V = - -Â  - iLj 

where i g the mass of the f i s s i o n i n g nucleus (233 f o r O-̂ ĥ ^̂ ). 

The r e l a t i o n used f o r the c a l c u l a t i o n of the mass 
of the complementary fra^jment from measxired r e l a t i v e elds 
of the near complementary fragments v/as derived i n the 
f o l l o w i n g way: 

Let Y„ "be the i n t e r p o l a t e d r-ele.tive y i e l d of mass 
corresponding t o c, which i s the complementary es" mass7c' 
whose r e l a t i v e y i e l d has heen determined experimentally. Also 
l e t Y and Y-v. "t'l̂ e r e l a t i v e y i e l d s of masses A and B a D 
which are nearly complementary t o C'. From F i g . 22 mass 

at C = OC 

= OB + BC 

= 9B + ^h (^^^ 
^ a ' ^ h 
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O lie A Ma55'mumbev 

i n p r a c t i s e , the sign connecting the two terms i n 

eq.uation ( V I l ) w i l l , of course, depend on the p o s i t i o n of 

C' on the mass y i e l d curve. 

I t should oe pointed out here t h a t the ahove 

r e l a t i o n , or .in other words, the present method of 

c a l c u l a t i o n of v i s only v a l i d under the f o l l o v r i n g conditions; 

( i ) the measured r e l f . t i v e y i e l d Ŷ^ i s a s e n s i t i v e f u n c t i o n 

o f mass A^, ( i i ) the r e l a t i v e mass y i e l d curve i s i t s e l f 

monotonic i n the region considered, and ( i i i ) the d i f f e r e n c e 

between A and B i s small. The r e l a t i v e y i e l d measurements 

re p o r t e d here f u l - f i ] ! a l l the above mentioned conditions. 

For the precise drawing of a mass y i e l d curve 

(absolute or r e l a t i v e ) one re q u i r e s a large number of 

experimental p o i n t s . A l t e r n a t i v e l y , m i r r o r p o i n t s of 



C a l c u l a t i o n of v values from measured 
r e l a t i v e y i e l d s . 

E 
n 

Fragment 
mass 

2 e l ac­
t i v e 
y i e l d 

Lias sea 
of the 
near 
comple­
mentary 
fragments 

Rela--
t i v e 
y i e l d 

ix3.€ S 
of the 
comple­
mentary 
f r a g ­
ments 

Sun of 
the 
comple­

mentary 
f r a g ­
ments 

ITo. 
of 

neutrons 

C A 
3 ^b 

13 1 -.842 
(3.084; 

14-Mev 99 -.677 
(2.479) 

129 
.320 

(1*172) 

130.-.,37 229.37 3.63 

97 1.010 
(3.699) 

14-Mev 131 ,842 
(3.084) 

99 
.677 

(2.479) 

98.01 229.01 3.99 

84 - .831 
(3.043) 

14-Mev 145 .821 

83 
.583 

(2.135) 

83.96 228.96 4.04 

132 .631 
(3.501) 

3-Mev 99 .562 
(3.113) 129 .030 

(.166) 

131.67 230.57 2.33 



TABLIS X X I I (continued) 

£ 
n 

Fragment 
mass 

Rela­
t i v e 

y i e l d 
Llasses 
of the 
near 
comple­
mentary 
fragments 

Rela­
t i v e 
y i e l d 

Mass 
of the 
coiiiple-
mentary 
f r a g ­
ments 

Sun of 
the 
comple­
mentary 
f r a g ­
ments. 

170. of 
neu­
trons 

97 1.003 
(5..-575) 

3-Mev 132 . .631 
(3.501) 99 . .582 

(3.. 113) 

98.70 230.70 2.30 

145 .999 
(5.510) 

3-Mev 84 .604 
(3.357) 147 .510 

(4.731)^ 

146.62 

a) 

230.62 2.38 

(a) Sxtrapolated value. 
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the experimental p o i n t s co^ild advantageously be used as 
supplements. However, t o o b t a i n the m i r r o r p o i n t s a 
pre-determined value of v i s necessary. S u f f i c i e n t p o i n t s 
v;ere not a v a i l a b l e from the present work f o r an accurate 
mass y i e l d curve t o be drawn and the use of the m i r r o r 
p o i n t s was excluded because the o b j e c t i v e i s t o 
determine v values. The advantage of the method follov/ed 
here i s t h a t i t requires n e i t h e r the precise drawing of the 
mass y i e l d curve nor the absolute f i s s i o n y i e l d values. 
However, the absolute f i s s i o n y i e l d s , obtained as discussed 
i n the l a t e r s e c t i o n , corresponding t o the r e l a t i v e y i e l d s 
used i n the c a l c u l a t i o n , are given i n parenthesis f o r 
the sake of comparison. The l i m i t a t i o n s of the method 
are t h a t i t cannot d i s t i n g u i s h betv/een the p r e - f i s s i o n 
neutron emission, the neutron emission t h a t accompanies 
f i s s i o n and the delayed neutron, nor i s i t possible t o 
determine the i n d i v i d u a l c o n t r i b u t i o n s of the l i g h t and 
heavy fragments t o v. 

The values f o r v obtained f o r both the 3- and 14-

Mev neutron f i s s i o n of Th are given i n Table The 

values obtained f o r mass number 145 i n the 14-Liev neutron 

f i s s i o n and f o r mass number 84 i n the 3-Mev neutron 

f i s s i o n of Th^*^^ agree w i t h i n experimental e r r o r w i t h the 

recent published values.'^^ I t may be pointed out however. 
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t h a t a l l the e x i s t i n g values f o r v f o r Th are the 
computed average of the numher of secondary f i s s i o n neutrons 

and are not s p e c i f i c t o any p a r t i c u l a r fragment p a i r . 
op 

Moreover, i t has "been oh s e r v e d ^ t h a t the fragments i n the 

v i c i n i t y of any magic numher have the tendency t o emit 

l e s s e r numhers of neutrons than the average during f i s s i o n . 
Fragment masses i n the present i n v e s t i g a t i o n (except Br®* 

145 
and Pr ) are close t o mass numher 132 (mass 99 i s a comple­

mentary fragment of t h i s mass). The r a t h e r lower than 

the average values of the numher of secondary neutrons 

f o r masses 99, 131 and 132 found here might he associated \ / i t h 

the magic numhers Z = 50 and N= 82. Such c o r r e l a t i o n s 
22 

have heen strengthened hy T e r r e l i who showed that a 
very s i m i l a r e f f e c t applies t o a l l f i s s i o n i n g species w i t h 

92. Consequently, the v values ohtained here were 
used f o r drawing the mass y i e l d curves and i t was found 
t o give a n i c e f i t . 

232 
4. The Mass-yield Curves f o r the F i s s i o n of- Th wi-th 

Fast neutrons; 

I n order t o draw the ahs a l u t e f i s s i o n y i e l d curves 

and hence t o o h t a i n the ahsolute f i s s i o n y i e l d of a 

p a r t i c u l a r f i s s i o n fragment maas-chain, the measured 

r e l a t i v e y i e l d s together w i t h t h e i r m i r r o r points, v/ere 



TABLZ'XXIII 

Absolute mas.s-yM.d f o r the 3- and 14-i..:ev neutron F i s s i o n 

of Th^^^. 

Mass F i s s i o n Y i e l d , fo 
Number. 3-Mev 14-Liev 

83 2.218 + .022 2.135 + .084 

84 3.357 + .072 3.043 + .047 

97 5.575 3.699 

99 3.113 + .088 2.479 + .084 

129 0.165 + .005 1.172 + .040 

131 3.084 + .164 

132 3.501 + .333 

143 6.979 + .116 

145 5.510 + .211 3.007 + .040 
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p l o t t e d as a f i s s i o n y i e l d curve. The m i r r o r points, 

were obtained from the equation ( V l ) using v values as. 

determined i n the previous section. V/here such a v 

value was not determined, published v values (2.4 and 

4.4 r e s p e c t i v e l y f o r 3- and 14-Mev neutron f i s s i o n ) were 

used. The r e l a t i v e f i s s i o n y i e l d curves, thus obtained 

were normalized by imposing the c o n d i t i o n t h a t the sum 

o f a l l the f i s s i o n products should be 200^, assuming tha t 

cases of t r i p l e f i s s i o n may be neglected. The absolute 

y i e l d of i n d i v i d u a l mass chains thus obtained i s given 

i n Table X X I I I . Absolute mass d i s t r i b u t i o n curves were 

then drawn through the experimental p o i n t s , t h e i r m i r r o r 

p o i n t s and p o i n t s supplemented from other measurements, 

e s p e c i a l l y i n the t r o u gh and peak region. such absolute 

f i s s i o n yield curves are given i n F i g . 23 (3-L'ev f i s s i o n ) 

and i n F i g . 24 (14-Mev. f i s s i o n ) . 

A comparison of the curves shows the general e f f e c t 

of the increase i n the r e l a t i v e amount of symmetric f i s s i o n 

T/ith an increase i n the e x c i t a t i o n energy by the bombarding 

p a r t i c l e . The peak t o v a l l e y r a t i o of about 5 f o r 14-Hev. 

neutron f i s s i o n has increased t o about 110 f o r 3-Mev. neutron 

f i s s i o n . A p o s s i b l e explanation o f the lack o f symmetric 

f i s s i o n at lower e x c i t a t i o n energies i s given by Hev/son 3-18 
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122 who considers mass numher 132 ( 5ô ''̂ 82 ^ ̂  douhly magic 

n u c l i d e as the core of the heavy mass peak. At low 

homhardlng energy s u f f i c i e n t e x c i t a t i o n i s not a v a l l a h l e t o 

d i s r u p t t h i s core as a r e s u l t of which asymmetric f i s s i o n 

predominates. T i l l s may also help t o explain the f a c t 

t h a t i n the f i s s i o n of various heavy n u c l i d e s , the heavy 

peak remains r e l a t i v e l y constant, while the l i g h t peak 

s h i f t s as the mass of the f i s s i o n i n g nucleus changes. 

An a l t e r n a t i v e explanation of t h i s e f f e c t has r e c e n t l y 
119 

heen given hy Faisser et a l hased on the c l u s t e r model 

of nuclear f i s s i o n . 

This general e f f e c t of ssmimetric f i s s i o n hecoming 

more prohahle as the energy of .the homhardlng p a r t i c l e 

i s Increased also suggests-tv/O separate and d i s t i n c t modes . 

of f i s s i o n — symmetric and asjTiimetrl'c. I t has heen • 
33 

ohserved hy Unik et a l t h a t - p a r t i c l e Induced f i s s i o n 
209 

of B i gives a t y p i c a l l y slngle-hf.mped mass y i e l d curve. 
F i s s i o n of U Induced hy alpha p a r t i c l e s gives a t\;o 
humped mass y i e l d d i s t r l h u t i o n , w i t h the v a l l e y het\.'een the 
two peaks hecoming shallower w i t h increasing e x c i t a t i o n 

.226 

energy. lelium i o n induced f i s s i o n of :̂ a gives a 

thre e humped y i e l d d i s t r i h u t i o n . From the mass u i a t r i h u -
232 

t i o n of the neutron Induced f i s s i o n of Th at d i f f e r e n t 

i n c i d e n t p a r t i c l e energies. I n d i c a t i o n of the presence 



TABLS XXIV 
values of I n t e r p o l a t e d masses corresponding t o i d e n t i c a l 

and peak maxima. 

Energy-
of 

bombard­
i n g 

neutron 

Abso­
l u t e 
y i e l d 

L i g h t peak 
masses 

Centroid 
(Peak 
maxi­
mum) 

Heavy peak 
masses 

^e n t r o i d 
(peak 
maxi­
mum) 

Energy-
of 

bombard­
i n g 

neutron 

Abso­
l u t e 
y i e l d Outer 

wing 
Inner 
wing 

Centroid 
(Peak 
maxi­
mum) Inner 

wing 
Outer 
\7ing 

^ e n t r o i d 
(peak 
maxi­
mum) 

14-Mev 

3.007 83.96 98.04 91.00 150.93 145.00 137.96 

3-Mev 

3.357 84.00 98.70 91.35 131.94 146.62 139.28 



of a t h i r d peak i n the region of s^nunGtric f i s s i o n at 

higher energies, i s i n c o n c l u o i v e . I t appears from the 

fo r e g o i n g ohservationc that hetween hismuth and thoriui-,1 a 

transformation from s^inujdtric to as iTnuetric f i s s i o n i s 

t a k i n g place. i t would he of i n t e r e s t t o i n v e s t i g a t e 

t h i s t r a n s f o r m a t i o n f u r t h e r as a f u n c t i o n of atomic 

numher, mass and e x c i t a t i o n energy of the compound nucleus. 

C h a r a c t e r i s a t i o n of the very hroad v a l l e y i n the high 

energy f l s s i o i i mass y i e l d curve of thorium may throw 

more l i g h t on the cyr.Tmetric and asyhimetric mode of f i s s i o n . 

A f t e r drawing the ahsolute f i s s i o n y i e l d curves 

f o r the 3- and 14-ijev. neutron f l G s l o n of Th^*^^, the 

c e n t r o i d or maximum of the peak was determined hy drawing a 

h o r i z o n t a l l i n e through masses of i d e n t i c a l y i e l d , L'he 

maximum of a peak was taken t o he the mean of the masses 

at i d e n t i c a l y i e l d on e i t h e r wings of the peaks. The 

r e s u l t s of such determinations are given i n TahleXXti/. 

I t v / i l l he ohserved from these r e s u l t s t h a t on changing 

the energy of the homhardlng p a r t i c l e from 14- t o 3-L'ev. 

the r e l a t i v e change of the l i g h t peak i s 0.35 mass u n i t s 

w h i l e t h a t f o r the heavy peak i s 1.32 mass u n i t s . The 
235 ^ 238 44 same e f f e c t has'also heen ohserved w i t h U and U 

The e f f e c t of greater r e l a t i v e s h i f t of the heavy 

peak w i t h lower e x c i t a t i o n energy can he explained, at 
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l e a s t q u a - . i i t a t i v e l y , i n the f o l l o w i n g way: By applying 

Sv/aitecki's asjnnmetry formula, i t has been shown by 
120 

Talat-SPben et a l t h a t f o r some heavy nuclides a 
neutron added t o the f i s s i l e nucleus goes p r e f e r e n t i a l l y 
(90jS) i n t o the heavy fragment. For Th i n changing 
the energy of the bombarding neutron from 14- t o 3-i:ev; 
the emission of the number of secondary neutrons 
drops from about 4 t o about 2. Or i n other words, the 
mass of. the compound nucleus undergoing f i s s i o n during 3-L:ev 
neutron e x c i t a t i o n i s greater by about two mass u n i t s than 
the mass of the compound nucleus undergoing f i s s i o n during 
14-Mev. neutron e;:citation. The d i f f e r e n c e i n the r e l a t i v e 
s h i f t of peak p o s i t i o n s w i t h e x c i t a t i o n energy, i s there­
f o r e , probably due t o such a d i f f e r e n c e of the mr.ss of 
the compound thorium n u c l e i undergoing f i o s i o n at 
d i f f e r e n t e x c i t a t i o n oner:;ies. As a c o r o l l a r y , the above 
explanation suggests t h a t at higher energies the emidcion 
of secondr.ry neutrons i o a p r e - f i s s i o n phenomenon ra t h e r 
than a p o s t - f i s s i o n one. 
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Apparoix 

1. I n i t i a l p u r i f i c a t i o n of Thorium 

Step 1. To a s o l u t i o n of ahout 3-gm. of thorium 

n i t r a t e i n 15 ml of water 10 mg. of each of harliim and 

lead c a r r i e r were added. The s o l u t i o n was warmed and 

0.5-.ml. of 5N sulphuric acid added dropwlse w i t h s t i r r i n g , 

t o p r e c i p i t a t e hariura and lead sulphates. The s o l u t i o n 

was cooled and f i l t e r e d through a vThatmEui No. 42 f i l t e r 

paper. 

Step 2. Step 1 was repeated. 

Step 3. 10 mg. of hismuth c a r r i e r were added t o 

the f i l t r a t e from step 2. Bismuth sulphide was p r e c i p i t a t e d 

hy passing hydrogen sulphide through the s o l u t i o n . ' The 

p r e c i p i t a t e was removed hy f i l t r a t i o n and discarded. 

Step 4. Step 3 was repeated. 

Step 5. The f i l t r a t e from step 4 was made a l k a l i n e 

w i t h concentrated arauionia and digested v;ith ammonium 

carhonate which converted thorium i n t o a soluhle carhonate 

complex. 10 mg. of lanthanum c a r r i e r \/ere added to 

p r e c i p i t a t e lanthanum carhonate and the s o l u t i o n was 

s t i r r e d . The p r e c i p i t a t e was removed hy f i l t r a t i o n and 

discarded. 

Qt&p 6. Step 5 was repeated. 

Step 7. The f i l t r a t e from step 6 \7as n e u t r a l i z e d 
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v/ith concentrated n i t r i c - acid and heated t o b o i l o f f carbon 
d i o x i d e . Thorium was then p r e c i p i t a t e d as hydroxide by 
ammonia, c e n t r i f u g e d and taken i n t o a s u i t a b l e container 
f o r i r r a d i a t i o n . 

Because of the r a p i d reappearance of some of the 
daughter a c t i v i t i e s i t was fomic. d e s i r a b l e t h a t t h e i r 
removal be c a r r i e d out immediately before i r r a d i a t i o n . The 
reappearance of these a c t i v i t i e s also prevented drying 
the hydroxide p r e c i p i t a t e before i r r a d i a t i o n . 

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

A c a r r i e r s o l u t i o n c o n t a i n i n g 5 mg. of zirconium per ml i n 1 L 

n i t r i c acid v/as prepared and standardised graveraetrically, 

p r e c i p i t a t i n g and weighing as zirconium tetramandelate, 
1 m 

by the method described by Belcher, Sykes and Tatlow. 
Radiochemical Procedure; 

Step 1. I r r a d i a t e d thorium n i t r a t e or hydroxide was 

dis s o l v e d i n 3 M hy d r o c h l o r i c acid and -2 ml. of zirconium 

c a r r i e r together w i t h c a r r i e r s f o r other elements to be 

separated. A f t e r t a k i n g steps t o ensure i s o t o p i c exchange 

between the added c a r r i e r s the f i s s i o n products, 10 ml. 

of saturated mandelic acid s o l u t i o n v/ere added and the 

s o l u t i o n was digested f o r about 20 minutes t o p r e c i p i t a t e 

zirconium tetramandelate. The p r e c i p i t a t e was cen t r i f u g e d 

down and the supernate '''^^^^f^^^*^ separation of 
2 2 JUNI965'* 
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other elements. 

Step 2. The p r e c i p i t a t e was t r a n s f e r r e d i n t o a 

l u s t e r o i d c e n t r i f u g e !^in^ d i s s o l v e d i n 5O)! h y d r o f l u o r i c a c i d . 

1 ml. of lanthanum n i t r a t e s o l u t i o n was added and the 

s o l u t i o n s t i r r e d w e l l with a polythene rod. On c e n t r i f u g i n g , 

the Bupernate was t r a n s f e r r e d to a second l u s t e r o i d tuhe 

and the p r e c i p i t a t e d iscarded. 

Step 3. Step 2 was repeated. 

Step 4. The supernate from step 3 was taken i n t o 

a t h i r d l u s t e r o i d tuhe and 2 ml of "barium 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 5 mg./ml) were added to p r e c i p i t a t e "barium 

z i r c o n y l f l u o r i d e and the s o l u t i o n was s t i r r e d thoroughly. • 

The p r e c i p i t a t e v/as centrifuged down and the supernate 

d i s c a r d e d . 

Step 5. The p r e c i p i t a t e was d i s s o l v e d i n 2 ml 

of sa t u r a t e d i D o r i c a c i d and 1 ml of concentrated n i t r i c a c i d . 

Zirconium was p r e c i p i t a t e d hy adding 2 ml of hariura n i t r a t e 

s o l u t i o n and 1 ml of h y d r o f l u o r i c a c i d . The p r e c i p i t a t e 

was- c e n t r i f u g e d down and the supernate discarded. 

Step 6. Step 5 was repeated. 

Step 7. The- p r e c i p i t a t e from step 6 was d i s s o l v e d 

i n 5 ml of water, 2 ml of satu r a t e d h o r i c a c i d solution 

and 3 ml of concentrated h y d r o c h l o r i c a c i d . Tl^ie solutaon 

¥/as made a l k a l i n e with 6 H sodium hydroxide to p r e c i p i t a t e 
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zirconium hydroxide. The p r e c i p i t a t e v/as centrifuged dovm 
and the supemate discarded. 

Step 8. The p r e c i p i t a t e was d i s s o l v e d i n 2 ml 

of concentrated h y d r o c h l o r i c a c i d and t r a n s f e r r e d to a g l a s s 

c e n t r i f u g e tuhe with f u r t h e r r i n s e s of v/ater to make the 

f i n a l volume a'bout 8 ml. 10 ml of saturated mandelic a c i d 

s o l u t i o n were added and the s o l u t i o n was digested i n a 

water hath f o r a'bout 20 minutes to p r e c i p i t a t e zirconium 

tetramandelate. 

Step 9. The p r e c i p i t a t e vas f i l t e r e d through a 

ta r e d g l a s s - f i h r e d i s c f i t t e d i n a demomitahle f i l t e r -

s t i c k , washed with 10 ml of a ^ mandelic a c i d - 2^ hydro­

c h l o r i c a c i d mixture, three 5. ml portions of ethanol and 

f i n a l l y with three 5 ml po r t i o n s of ether. The s o l i d 

source obtained as ahove was d r i e d under vacuum d e s i c c a t i o n 

to a constant v/eight f o r chemical y i e l d determination and 

mounted f o r counting. 

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

A c a r r i e r s o l u t i o n containing 5- mg. of "bromine per ml as 

hromide was prepared hy d i s s o l v i n g a'bout 2 gm. of 

a n a l y t i c a l grade potassiiim 'bromide i n 250 ml of water. The 

s o l u t i o n was standardised g r a v i m e t r i c a l l y "jy p r e c i p i t a t i n g 

and weighing the s i l v e r as • s i l v e r "bromide 'by the method of 
109 

Glendenin and Metcalf. 
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( i ) The Radiochemical procedure ?or 2.4 h Br 

Step 1. The i r r a d i a t e d thorium n i t r a t e was 

d i s s o l v e d i n 10 ml of 5 M n i t r i c a c i d and 2 ml of each of 

bromine and zirconium c a r r i e r were added to the s o l u t i o n . 

The s o l u t i o n was warmed and the hromide oxidized to 

bromine with ce"^^. 

Step 2. The s o l u t i o n v/as t r a n s f e r r e d to a separatory 

f u n n e l and the bromine extrac t e d i n t o carbon te-cx-achloricLe. 

The agueous phase was reserved f o r the separation of 

zirconium. 

Step 3. Bromine from the carbon t e t r a c h l o r i d e phase 

was back-extracted i n t o aqueous sodium t h i o s u l p h i t e as 

bromide and the carbon t e t r a c h l o r i d e phase discarded. 

Step 4. The aqueous phase was a c i d i f i e d with n i t r i c 

a c i d and a few m i l l i g r a m s of iodide c a r r i e r were added to i t . 

The iodide was oxidized to i o d i n e with sodium nifabrite. 

i o d i n e was.then e x t r a c t e d i n t o carbon t e t r a c h l o r i d e and 

the organic phase discarded. 

Step 5. Step 4 v/as repeated. 

Step 6. The bromldG i n the aqLueous phase from 

step 5 was oxidized to bromine with potassium permanganate 

and e x t r a c t e d i n t o carbon t e t r a c h l o r i d e ; the aqueous phase 

being discarded. 

Step 7, The bromine, from the organic phase v/as 

back-extracted i n t o aqueous sodium bisulphite.. The so l u t i o n 
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was heated to "boil .off sulphur dioxide,.-.a few.drops of 
d i l u t e n i t r i c a c i d were added to i t and the "bromide was 
•pr e c i p i t a t e d "by the add i t i o n of 2 ml of 0.1 M s i l v e r n i t r a t e 
with constant s t i r r i n g . A f t e r d i g e s t i n g f o r a few minutes, 
the p r e c i p i t a t e was c o l l e c t e d on a weighed glass-fi"bre d i s c , 
washed, d r i e d and- weighed i n the us u a l way f o r chemical 
y i e l d determination and counting. 

( i i ) The procedure f o r 52 m Br^" 

Step 1. The i r r a d i a t e d sample of thorium n i t r a t e 

was placed i n a 100 ml d i s t i l l a t i o n f l a s k containing 2 ml Batch 

of "bromine and zirconium c a r r i e r i n 25 ml of 3M n i t r i c a c i d . 

Step 2. The f l a s k was warmed to a c c e l e r a t e the 

d i s s o l u t i o n of thorium n i t r a t e , and the hromide c a r r i e r was 

oxi d i z e d to "bromine with Ce"''̂  the evolved gas swept 

out hy jiitrogen i n t o a s o l u t i o n containing f r e s h l y prepared 

f e r r o u s sulphate and a l i t t l e i o d ide c a r r i e r i n a separatory 

f u n n e l . The r e s i d u e i n the d i s t i l l a t i o n f l a s k was reserved 

f o r the sepa r a t i o n of zirconium. 

Step 5. The iodide was oxidized to iodine with 

excess sodium n i t r i t e and e x t r a c t e d into carhon t e t r a c h l o r i d e ; 

the organic phase was discarded. 

Step 4. Step 3 was repeated a f t e r f u r t h e r addition 

of some iodide c a r r i e r . 
Step 5. TO the agueous phase containing "bromide 
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2 ml of 0.1 M s i l v e r n i t r a t e s o l u t i o n were added to 

p r e c i p i t a t e s i l v e r bromide. A f t e r d i g e s t i n g the suspension 

f o r a feviT minutes, the p r e c i p i t a t e v/as c o l l e c t e d on a tared 

g l a s s - f i b r e d i s c . The p r e c i p i t a t e was washed, dried, 

weighed and.mounted in' the u s u a l v/ay f o r counting and 

chemical y i e l d determination. 

I n t r i a l separations f o r both the methods i n the 
131 -

presence of I t r a c e r , the f i n a l s i l v e r bromide p r e c i p i t a t e 

showed a decontamination f a c t o r of about 2 x 10 from t h i s 

isotope. 

4. LIOLYBDiaroM: 

p r e p a r a t i o n and s t a n d a r d i s a t i o n of c a r r i e r solution; 

A c a r r i e r s o l u t i o n containing 5.0 mg of no per ml. was 

prepared by d i s s o l v i n g about 2.3 gm. of (rnx^)gI,:o^02^ .4HgO i n 

250 ml. of water. The s o l u t i o n v/as standardized gravimetric-

a l l y by p r e c i p i t a t i n g and weighing; as PbLHoO^ o'j the method 

described "uy Ueiser."^"'•^ 

Radiochemical procedure 

Step 1; To the s o l u t i o n of i r r a d i a t e d thorium 

n i t r a t e i n a.oproximately II.: n i t r i c a c i d 2 m.l. of Lo c a r r i e r 

together with c a r r i e r s f o r other elements to be separated -..'as 

added. A f t e r aJ.ding 5 ml of a 2fo s o l u t i o n of -benzoin 

oxime i n ethanol, the miiiture was s t i i r e d w e l l and set a s i u e 

f o r about f i v e minutes to allow the p r e c i p i t a t e to coagulate. 
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The p r e c i p i t a t e was centrifuged dovm and washed v.lth oO ml of 
water. The supernnte was s e t aside f o r the separation of 
other eleiiients as r e q u i r e d . 

Step 2. The p r e c i p i t a t e was d i s s o l v e d i n 3 ml. 

of fuming n i t r i c a c i d , d i l u t e d to 25 ml. with imter and 

p a r t i a l l y n e u t r a l i z e d with concentrated amr^onia. A f t e r 

c o o l i n g i n an i c e "bath f o r a few minutes, L'o was p r e c i p i ­

t a t e d with 5 ml., of the oxime reagent, s t i r r e d w e l l and 

c e n t r i f u g e d . The supernate was discarded and the p r e c i p i ­

t a t e was washed once with v/ater. 

Step 3. Step 2 v/as repeated. 

Step 4. The p r e c i p i t a t e from step 3 v/as d i s s o l v e d 

i n 3 ml. " of fuming n i t r i c a c i c and t r a n s f e r r e d to a hundred 

ml c o n i c a l f l a s k together v/ith the v/ashing from the 

c e n t r i f u g e tu"be with a"bout 3 ml of p e r c h l o r i c a c i d . ' The 

s o l u t i o n was c a u t i o u s l y h o i l e d almost to dryness to destroy 

the organic reagent and then cooled. 

Step 5. The molyhdenura r e s i d u e was d i s s o l v e d i n 4 ml ct 

watei?' and one ml of concentrated ammonia. The s o l u t i o n was 

t r a n s f e r r e d to a c e n t r i f u g e tu'be and a c i d i f i e d with 6 U 

n i t r i c a c i d . 1 ml of f e r r i c i r o n c a r r i e r v/as added and 

the hydroxide p r e c i p i t a t e d "by making the s o l u t i o n 

amrooniacal with concentrated ai..monia. The mixture was 

c e n t r i f u g e d and the supernate t r a n s f e r r e d to another c l e a n 

tu"be. 
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Step 6. The aupfernate from step 5 was made 
a c i d i c (red to^thymol b l u e ) by d i l u t e n i t r i c a c i d . 
1 ml of l e a d n i t r a t e s o l u t i o n ( 100 mg. Vb^"^/ml) was 
added to the s o l u t i o n and heated to b o i l i n g . . I f : i o 
p r e c i p i t a t e appeared, d i l u t e ammonium hydroxide v/as added 
drop^wise u n t i l the p r e c i p i t a t e j u s t appeared. The mixture 
was then b o i l e d f o r a few minutes, and f i l t e r e d while hot 
through a weighed f i b r e - g l a s s d i s c . The p r e c i p i t a t e was 
washed, i n turn, with hot v/ater, alcohol and ether, d r i e d 
under vacuum d e s i c c a t i o n , weighed f o r chemical y i e l d 
determination and mounted f o r counting. 

.5. ANTIMONY 

Prepar a t i o n and s t a n d a r d i s a t i o n of c a r r i e r solution; 

A c a r r i e r s o l u t i o n containing 5 mg of antimony per ml as 
111 

Sb was prepared by d i s s o l v i n g an appropriate quantity of 

antimony t r i c h l o r i d e i n water containing s u f f i c i e n t 

h y d r o c h l o r i c a c i d to prevent any h y d r o l y s i s of antimony. 

The s o l u t i o n was standardised g r a v i m e t r i c a l l y by p r e c i p i t a t i n g 

and weighing as antimony n-propyl g a l l a t e by the method 
111 

d e s c r i b e d by Yfilson and Lev/is. 

Radiochemical procedure; 

Step 1. The i r r a d i a t e d thorium sample was d i s s o l v e d 

i n 5 ml of concentrated h y d r o c h l o r i c a c i d and 2 ml of 

antimony c a r r i e r p l u s c a r r i e r s f o r other elements to be 
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separated were added to the s o l u t i o n . To ensure complete 
111 V i s o t o p i c exchange Sh was o x i d i s e d to Sh with hromine 

and the excess "bromine was expelled "by "boiling the 

s o l u t i o n . 

Step 2. The s o l u t i o n was d i l u t e d , warmed and 

sat u r a t e d with hydrogen sulphide gas u n t i l the p r e c i p i t a t i o n 

was complete. The p r e c i p i t a t e was centrifuged down and 

washed with water while the supernate v/as reserved f o r the 

s e p a r a t i o n of other elements as required.. 

Step 3.. The p r e c i p i t a t e v/as d i s s o l v e d i n 5 ml 

of concentrated h y d r o c h l o r i c a c i d and the s o l u t i o n was "boiled 

down to ahout 1 ml, cooled and d i l u t e d to 10 ml v/ith 

concentrated h y d r o c h l o r i c a c i d . 

Step 4. • The s o l u t i o n was t r a n f e r r e d to a separatory 

f u n n e l containing 10 ml of d i - i s o p r o p y l ether p r e v i o u s l y 

equili"brated with an equal vol\ame of benzene and a l i t t l e 

"bromine. The funnel was shaken f o r a"bout ten seconds, the 

aqueous phase discarded and the organic phase washed with 

10 ml of 9 M h y d r o c h l o r i c a c i d . 

Step 5. The organic phase was t r a n s f e r r e d to 

another separatory fmrnel containing 10 ml of 7 i : ammoniiAm 

t h i o c y a n a t e s o l u t i o n , 0.5 M i n h y d r o c l i l o r i c a c i d and 

containing- a l i t t l e hydrazine. The funnel was shakeji f o r 

ahout a minute, the orgaiiic phase discarded and the adueous 



110. 

phase washed with 10 ml of d i - i s o p r o p y l ether containing 
a l i t t l e ammonium thiocyanate s o l u t i o n . 

Step 6. The aqueous phase was t r a n s f e r r e d to a 

xzentrifuge tube and a few drops of t e l l u r i u m c a r r i e r 

s o l u t i o n v/ere added to i t . laemental t e l l u r i u m was 

p r e c i p i t a t e d and b o i l i n g the s o l u t i o n i n the presence of 

hydrazine. The p r e c i p i t a t e was centrifuged down and 

disca r d e d . 

Step 7. Antimony was p r e c i p i t a t e d from the supernate 

w i t h n-propyl g a l l a t e i n the u s u a l way; the p r e c i p i t a t e was 

v/ashed three times with 5 ml po r t i o n s of 0.5 M hydrochloric 

a c i d , three times vnth 5 ml po r t i o n s of ethanol and f i n a l l y 

w i th ether, d r i e d , v/eighed f o r chemical y i e l d determination 

and mounted f o r counting. 

6. IODINE 

pr e p a r a t i o n and s t a n d a r d i z a t i o n of C a r r i e r s olution; 

A c a r r i e r s o l u t i o n containing 5 mg of iodine per ml as 

iod i d e v/as prepared by d i s s o l v i n g about 1.8 gm. of reagent 

grade potassium iodide i n 250 ml of water. The s o l u t i o n 

was standardized g r a v i m e t r i c a l l y by p r e c i p i t a t i n g and 

weighing the s i l v e r as Agl "by a method described by Glendenin 
109 

and Metcalf. 
Radiochemical procedure; 

Step 1. The i r r a d i a t e d sample of thorium n i t r a t e v/as 
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d i s s o l v e d i n 10 ml of d i l u t e -hydrochloric a c i d and 2 ml of 
io d i n e c a r r i e r together with c a r r i e r s o l u t i o n s f o r other 
elements to he separated were added to i t . The s o l u t i o n 
was made a l k a l i n e v/ith ammonia and s u f f i c i e n t saturated 
sodium carhonate s o l u t i o n added to d i s s o l v e thorium as 
the "basic qarhonate. 

Step 2. 2 ml of 2.5^ sodium hypochlorite s o l u t i o n 

were added to o x i d i s e I ' to 10^ and heated. The s o l u t i o n 

was made a c i d i c with concentrated n i t r i c a c i d and t r a n s f e r r e d 

to a 250 ml separatory. f u n n e l . 3 ml of 1 M hydroxylamine 

hydrochloride s o l u t i o n were added to reduce 10^ to I g . The 

iod i n e was extract e d i n t o 10 ml-of carhon t e t r a c h l o r i d e and 

the aqueous phase r e t a i n e d f o r the separation of other 

elements. 

Step 3. The caroon t e t r a c h l o r i d e phase v/as shaken 

with 10 ml of v/ater containing a few drops of sodium t h i o -

sulphate \ i n t i l hoth the phases were "c o l o u r l e s s . The 

car'bon t e t r a c h l o r i d e phase v/as discarded. 

Step 4. TO the agueous phase 1 ml of 6 L n i t r i c 

a c i d and a few drops of 1 I.I sodium n i t r i t e s o l u t i o n v/ere 

added to o x i d i s e I ' to I g . The iodine was extracted i n t o 

car'bon t e t r a c h l o r i d e and the aqueous phase discarded. 

Step 5. Step 3 was repeated. 

Step 6." ' A f t e r adding 1 ml of 6M n i t r i c acic. to 

the aaueous nhase i t was heated to h o i l i n g hefore the iodine 
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v/as p r e c i p i t a t e d by the a d d i t i o n of 2 ml of 0.1 i : s i l v e r 
n i t r a t e s o l u t i o n . A f t e r d i g e s t i n g the p r e c i p i t a t e f o r 
a few minutes i t v/as t r a n s f e r r e d to a weighed-glass-fibre d i s c 
by means of f i l t e r - s t i c k , v/ashed three times with 5 ml of 
v/ater, three times with 5 ml of ethanol and f i n a l l y three 
times with 5 ml of ether. The p r e c i p i t a t e was dried i n 
the u s u a l v/ay, \/eighed f o r chemical y i e l d determination and 
mounted f o r counting. 

7. S t a n d a r d i s a t i o n and preparation of c a r r i e r s o l u t i o n ; 

A c a r r i e r s o l u t i o n containing 5 mg. of t e l l u r i u m per ml 

was prepared by d i s s o l v i n g the appropriate quantity of 

t e l l u r i c a c i d i n v/ater.. The s o l u t i o n was standardised 

g r a v i m e t r i c a l l y by p r e c i p i t a t i n g elementary t e l l u r i u m 
112 

with hydrazine and sulphur dioxide. 

Radioc'.jemical procedure 

Step 1. i r r a d i a t e d sample of thorium n i t r a t e \/as 

d i s s o l v e d i n d i l u t e n i t r i c a c i d and c a r r i e r s o l u t i o n (2 ml') 

f o r each of t e l l u r i u m , zirconium and other elements to be 

separated were added to the solution.. To f a c i l i t a t e 

complete i s o t o p i c exchange between the f i s s i o n product 

t e l l u r i u m and the.added c a r r i e r t e l l u r i u m was oxidised 

by potassiian permanganate s o l u t i o n . The excess permanganate 

was removed by adding hydrogen peroxide. Tellurium v/as 
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then p r e c i p i t a t e d i n the cold hy adding v/ith vigorous 
s t i r r i n g a"bout 0,5 ml of stannous c h l o r i d e s o l u t i o n 
( c o n t a i n i n g 50 mg of Sn'*'"'' per ml)* A f t e r ahout a minute the 
p r e c i p i t a t e was centrifuged down and the supemate reserved 
f o r the se p a r a t i o n of other elements. 

Step 2. The m e t a l l i c t e l l u r i u m p r e c i p i t a t e was 

v/ashed with hot v/ater and d i s s o l v e d i n n i t r i c a c i d . The 

s o l u t i o n was heated to drsmess. The residue v/as d i s s o l v e d 

i n hot d i l u t e h y d r o c h l o r i c a c i d and t e l l u r i u m v/as 

pre c i p i t a t e d " hy hydrazine and sulphur dioxide. The 

p r e c i p i t a t e was centrifuged down and the supernate discarded. 

Step 3. . The t e l l u r i u m was d i s s o l v e d i n concentrated 

n i t r i c a c i d and evaporated dov/n with h y d r o c h l o r i c a c i d as 

i n step 2. The residue was d i s s o l v e d i n hot d i l u t e 

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 was made a l k a l i n e and scavanged] 

tw i c e with p r e c i p i t a t i o n of f e r r i c hydroxide; the f e r r i c 

hydroxide heing discarded on each occasion. The s o l u t i o n 

was made 3 E i n hy d r o c h l o r i c a c i d and t e l l u r i u m was 

p r e c i p i t a t e d with hydrazine and sulphur dioxide. The 

p r e c i p i t a t e was centrifuged dovm and the supernate 

d i s c a r d e d . 

Step 4. The t e l l u r i u m from step 3 was r e d i s s o l v e d 

and p r e c i p i t a t e d as i n step 2. The p r e c i p i t a t e was 

t r a n s f e r r e d to a weighed g l a s s - f l h r e d i s c through a f i l t e r -
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s t i c k , v/ashed with a l c o h o l and eMier and d r i e d under 
vacuum f o r chemical y i e l d determination and counting, 
8. CERIUM 

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

A c a r r i e r s o l u t i o n containing 5 mg. of cerium'̂ -̂ -'̂  per ml 

was prepared by d i s s o l v i n g 5 g.' of a n a l y t i c a l - g r a d e ammonium 

n i t r a t o c e r a t e i n water, reducing with hydroxylamine hydro­

c h l o r i d e and d i l u t i n g to 250 ml v/ith water and a l i t t l e 

n i t r i c a c i d . I t was standardised by t i t r a t i o n at a 

pH between 5.8 and 6.2 v/ith SDTA using }C7lcnol Orange 

as i n d i c a t o r , (see page 35 ), 

Radiochemical procedure 

Step 1 to 11. were the same as those f o r the i n i t i a l 

s e p a r a t i o n of f i s s i o n - p r o d u c t r a r e - e a r t h s given i n d e t a i l 

i n the procedure f o r praseodymium on page except that 

a redox c y c l e was introduced f o r the complete exchange 

betireen the a c t i v e f i s s i o n product Ce and the added c a r r i e r . 

The f o l l o w i n g procedure commences with the p r e c i p i t a t e 

of the r a r e - e a r t h hydroxides from step I I . 

Step 12. The r a r e - e a r t h hydroxides v/ere d i s s o l v e d 

i n 5 ml of 10 M n i t r i c a c i d and approximately 2 ml of 2 H 

sodium bromate s o l u t i o n were added to o x i d i s e Ce-'--'--'- to Ce*'-̂ . 

The s o l u t i o n remains a s l i g h t amber i n colour showing the 

o x i d a t i o n of cerium., 

Step 15. The Ce"'-̂  was extracted i n t o a volume of 
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methyl i s o - h u t y l ketone(hexone) equal to ten times; the 
volume of the aq.ueous phase. The hexone was pre v i o u s l y 
e q u i l i h r a t e d with an equal volume of 10 M n i t r i c a c i d 
c o n t a i n i n g ahout 4 ml of 2 M sodium hroraate. The aqueous 
phase was separated, made a l k a l i n e v/ith ammonium hydroxide 
and reserved f o r the separation of praseodymium. The 
organic phase was v/ashed with 10 ml of n i t r i c a c i d - sodium 
hromate s o l u t i o n and the" washing discarded. 

Step 14. The cerium was hack-extracted i n t o 10 ml 

of 10% hydrogen peroxide and the hexone phase discarded. 

The s o l u t i o n was t r a n s f e r r e d to a centrifuge tuhe and made 

a l k a l i n e with ammonium hjidroxide to p r e c i p i t a t e cerium 

hydroxide. The p r e c i p i t a t e v/as centrifuged dov/n and the 

superngte discarded, . 

Step 15, The hydroxide p r e c i p i t a t e was d i s s o l v e d 

i n 1 ml of concentrated hydro.chloric a c i d , d i l u t e d to 15 ml 

and 10 ml of saturated ammonium oxalate s o l u t i o n were added 

to the hot s o l u t i o n with constant s t i r r i n g to p r e c i p i t a t e 

cerium o x a l a t e . The p r e c i p i t a t e was f i l t e r e d on to a 

g l a s s - f i h r e d i s c , washed with water, alcohol and ether; 

d r i e d i n a vacuum d e s i c c a t o r and mounted f o r counting, 

9, PRASBODYIvilUIvI 

C a r r i e r . A c a r r i e r s o l u t i o n of pr containing • 

5 mg.. of the element per ml. was prepared hy weighing out 
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an appropriate quantity of t r i o x i d e and d i s s o l v i n g i t i n the 
minimum of hy d r o c h l o r i c a c i d . I t was standardised by 
t i t r a t i o n with EDTA using x y l e n o l Orange, as i n d i c a t o r at 
pH 6. (see page 35 ). 

Resin; zeo-Karb~225, 100-200 mesh, 4^5% c r o s s -

l i n k e d , was used a f t e r grading. The grading of the r e s i n 

• was done on the d i f f e r e n c e of t h e i r s e t t l i n g time i n 

d i s t i l l e d water. commercial r e s i n was introduced i n 

the form of s l u r r y i n water a t the top of a long tube held i n 

,'a v e r t i c a l p o s i t i o n and f i l l e d v/ith d i s t i l l e d -.'ater.. Portions 

of the r e s i n which s e t t l e d d.o\m betv/een 1—1*5 cm/ min. 

were c o l l e c t e d and subjected to the following chemical 

treatment before put-jing i n t o the column. 

p u t t i n g the graded r e s i n i n t o a column of a s i z e 

v/hich allow adequate stock of r e s i n to be processed, i t was 

v/ashed with 6 M ammonium thiocyanate u n t i l the red f e r r i c 

t h i ocyanate colour was no longer v i s i b l e . I t was then 

v/ashed twice, i n turn, with d i s t i l l e d water and 6LI hydro­

c h l o r i c a c i d . f i n a l l y the r e s i n was v/ashed with s u f f i c i e n t 

d i s t i l l e d water to f r e e i t from c h l o r i d e and converted 

in-to the aminonium form with 1 II ammonium l a c t a t e s o l u t i o n 

of pH 3,2 and stored i n d i s t i l l e d \/ater u n t i l loaded i n t o 

the column.. 

£p.uant; The e l u t i n g s o l u t i o n v/as a rai:;ture of IM 

ammonium l a c t a t e s o l u t i o n s of pH 3.2 and 7.0. They were 
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prepared from 88^ l a c t i c a c i d of A3-grade. Before 
u s i n g the aci d f o r the preparation of s o l u t i o n s , i t v.'as 
r e f l u x e d f o r ahout : hours i n 0.1 M hydrochloric a c i d to 
ensure the .hydrolysis of any anhydride present i n the acid. 
The pH.'s of the solution-were adjusted v/ith concentrated 
ammonium hydroxide and measured on a pH meter. The 
s o l u t i o n was a l s o made ahout O.OOlM i n phenol to prevent 
any d e t e r i o r a t i o n of the l a c t a t e on long s t o r i n g . 

Apparatus; The Gradient-Slut ion eq.uipmejit sho\rn 

i n p i g . i s s i m i l a r to that described hy Nervik.'^^^ The 

ion-exchange hed had a dimension of 50 cm x 7 mm ( i n t e r n a l 

d i a m e t e r ) . The column v/as surrounded hy a 7 cm. g l a s s tuhe 

s e r v i n g as r e s e r v o i r f o r water f o r uniformly heating the 

column. An electrothermal heating tape was v/oimd round the 

outer j a c k e t tuhe. The temperature c o n t r o l l e d hy means 

of a "simmerstat" v/ithin + 3°C. Since the operating temperature 

of the coliimn was ahout 90°C, a small water cooled 

condenser was f i t t e d i n t o the r e s e r v o i r at the top to 

minimise l o s s of water due to evaporation. 

The e l u t i n g agent system c o n s i s t e d of two 500 ml. 
* 

f l a s k s f i t t e d one above the other. The lower f l a s k contained 

the s o l u t i o n of lower pH and the upper one that having 

the higher .pH. The flow r a t e of the so l u t i o n from the 

upper to the lower f l a s k was c o n t r o l l e d by means of a stop­

cock. For applying a p o s i t i v e pressure both the f l a s k s were 
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connected t o a n i t r o g e n c y l i n d e r by PVC tub i n g . To a t t a i n 
the r e q uired flov/ r a t e of el u a n t , the pressure of ni t r o g e n 
from the c y l i n d e r v/as c o n t r o l l e d w i t h a pressure r e g u l a t o r , 
i n order t o ensure continuous and complete mixing of 
s o l u t i o n s i n the lower f l a s k , a small magnetic s t i r r i n g 
device was kept i n operation during e l u t i o n . The e l u t i n g 
s o l u t i o n was pre-heated by passing through a glass tube 
of 2 mm. i . d . f i t t e d i n s i d e the r e s e r v o i r as shown i n the 
f i g u r e . 

The f r a c t i o n c o l l e c t o r consisted of a t u r n - t a b l e 

c a r r y i n g 50 polythene t e s t - t u b e s , arranged so t h a t each tube 

c o l l e c t e d a pre-selected number of drops of the eluant 

before the next tube v/as moved i n t o p o s i t i o n by an automatic 

device. 

procedure; The i r r a d i a t e d thoriiim hydroxide was 

d i s s o l v e d i n 15 ml. of,6 M h y d r o c h l o r i c acid and 10 mg. 

each of z r , pr and Ce c a r r i e r s v/ere added. Half an hour 

a f t e r the i r r a d i a t i o n , Zr v/as p r e c i p i t a t e d by adding 15 ml. 

of saturated mandelic acid s o l u t i o n and d i g e s t i n g f o r about 

h a l f an hour. The p r e c i p i t a t e was cen t r i f u g e d dovm and 

set aside f o r the i s o l a t i o n of z r . 

Step 2. The supernate from step 1 was made a l k a l i n e w i t h 

concentrated ammonium hydroxide t o pr'ecipitate Th, pr and 

ce as hydroxides. The p r e c i p i t a t e was centrifuged dov/n 

and the supernate discarded. 
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Step 5. The hydroxides were dissolved i n n i t r i c 
a c i d and Th was extracte d twice i n 20>S TBP s o l u t i o n 6 M 
Kerosene, using 50 ml. of TBP s o l u t i o n each time. 

Step 4. The aqueous phase was made a l k a l i n e , 

c e n t r i f u g e d and the supemate discarded. The p r e c i p i t a t e 

was dissolved i n 10 ml. of concentrated n i t r i c acid and 

the l a s t traces of Th was p r e c i p i t a t e d w i t h 2 IJ i o d i c acid 

s o l u t i o n . A f t e r c e n t r i f u g i n g the supernate v/as used f o r 

r a r e - e a r t h separation and the p r e c i p i t a t e v/as discarded. 

Step 5. The supernate was mace a l k a l i n e w i t h 

sodium hydroxide s o l u t i o n , c e n t r i f u g e d and the remaining 

supernate discarded. 

Step 6. The p r e c i p i t a t e was dissolved i n 20 ml. of 

3 M h y d r o c h l o r i c acid and 6 drops of Zr c a r r i e r (containing 

5 mg./ml.) added. A f t e r adding 5 drops of concentrated 

phosphoric a c i d , the s o l u t i o n was digested f o r a few minutes 

and c e n t r i f u g e d . 

Step 7. The supernate from step 6 v/as taken 

i n a n i t r o c e l l u l o s e ( l u s t e r o l d ) c e n t r i f u g e tuhe and &TII1 

of 1.5 M chrbmate and 0.5 ml concentrated h y d r o f l u o r i c acid 

were added. A f t e r d i g e s t i o n f o r ahout 5 minutes i n a hot 

ha t h , the p r e c i p i t a t e was ce n t r i f u g e d down and washed once 

w i t h 20 ml. of 0.1 IJ h y d r o f l u o r i c acid. 

Step 8. Step 7 was repeated. 
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Step 9. The r a r e - e a r t h f l u o r i d e s were dissolved 
i n 3 ml. of saturated b o r i c a c i d s o l u t i o n and 2 ml. concentrated 
n i t r i c a c i d . To ensure complete d i s s o l u t i o n the s o l u t i o n 
v/as heated and'= s t i r r e d v / e l l . A f t e r adding 5 drops o f Ba 
c a r r i e r r.nr. 1 t t I . of 6 Ivl s u l p h u r i c a c i d , the s o l u t i o n was 
d i l u t e d t o 20 ml. and digested f o r 5 minutes i n a hot bath. 
The barium sulphate p r e c i p i t a t e was centrifuged dov/n eind 
discarded. 

Step 10. The supernate Viias made a l k a l i n e v/ith 

concentrated, amuionium hydroxide and digested f o r a few 

minutes. The r a r e - e a r t h hydroxides were centrifuged dov/n 

and washed once v/ith d i l u t e ammonia. 

Step 11. The p r e c i p i t a t e was dissolved i n 4 ml. of 

concentrated 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 was passed 

through an anion-exchange column (6 mm i . d . x 10 cm.) 

con t a i n i n g De-Acedite PP, pr e v i o u s l y e q u i l i b r a t e d v/ith 

concentrated h y d r o c h l o r i c a c i d . The tube was rinsed w i t h 

3 ml. of concentrated h y d r o c i i l o r i c acid and the wash solu­

t i o n was passed through the column. The col\amn was 

f i n a l l y washed w i t h 2 ml of concentrated hydrochloric acid. 

A l l of the eluant and wash s o l u t i o n was c o l l e c t e d . 

Step 12. The eluate i n c l u d i n g the r i n s e and v/ash 

s o l u t i o n of step 11 was made a l k a l i n e w i t h concentrated 

ammonium hydroxide. The r a r e - e a r t h hydroxides were 

c e n t r i f u g e d down and v/ashed once w i t h d i l u t e ammonia. 
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The p r e c i p i t a t e was dissolved i n 10 ml. of 10 M n i t r i c 
a c i d and a few^ drops of sodium "borate s o l u t i o n were added 
t o o x i d i s e Qê''""̂  t o Ce"'"̂ . Ce was then extracted i n t o 
'hexone' p r e v i o u s l y e g u i l i h r a t e d w i t h n i t r i c acid-sodium 
h o r a t e s o l u t i o n . 

Step 15. The ag.ueous phase was made a l k a l i n e vath 

ammonium hydroxide, the p r e c i p i t a t e c e n t r i f u g e d do\m and 

washed w i t h d i l u t e aniBonia. 

Step 14. The p r e c i p i t a t e was dissolved i n a few 

drops of concentrated h y d r o c h l o r i c acid and the s o l u t i o n 

d i l u t e d t o ahout 20 ml. Ahout 1 ml. of the r e s i n of 

the same "batch t h a t was t o he used f o r c a t i o n separation 

was added t o the s o l u t i o n and digested f o r ahout ten minutes. 

The r e s i n was then c e n t r i f u g e d down and ready to he put 

i n t o the column. 

Step 15. For the separation of Pr from other r a r e -

e a r t h a c t i v i t i e s ; The apparatus descrihed e a r l i e r , was 

assemhled as shown i n p i g . 21 . The temperature of the water 

r e s e r v o i r was r a i s e d t o 90°C and the column f i l l e d w i t h the 

processed r e s i n i n the form o f a s l u r r y i n h o i l i n g water t o 

prevent the formation of a i r huhhles i n s i d e the column. 

Ahout 100 ml. of 1 U l a c t i c a c i d s o l u t i o n of pH 3.2 and 

pre-heated to ahout 90°C hy pa&'sing through the i n l e t tuhe 

f i t t e d i n s i d e the r e s e r v o i r , were passed through the..column 

at a r a t e of 4 drops per minute. Just hefore s t a r t i n g the 
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separation, the volume of l a c t i c acid s o l u t i o n s i n each of 
the f l a s k s was 60 ml. 2r.re-earth a c t i v i t i e s adsorbed on 
the r e s i n v/as t r a n s f e r r e d on the column v/hiie hot and 
e l u t i o n 'Started. By r e - n l a t i n g the pressure from the 
n i t r o g e n c y l i n d e r eiid c o n t r o l l i n g ; the pinch-cock at the 
o u t l e t of the lov.-er f l a s k , the r a t e of flov/ of the 
eluant v/as adjusted t o about 4 drops per minute. '..hen the; 
column, has run, f o r h a l f an hour, the pinch-cocl: bct'. cen the 
two f l a s k s was opened and so adjusted t o allov/-8 .drops of GOIU-
t i o n t o run i n t o the lower f l a s k per minute and the magnetic 
s t i r r e r ;/as s t a r t e d . - 30 drops of eluant were c o l l e c t e d 
i n each f r a c t i o n . The p r break-through occurred about 
seven hoi-.rs a f t e r the e l u t i o n v/as s t a r t e d and i t v/as 
l o c a t e d i n the c o l l e c t i n g tubes by adding saturated 
ammonium oxalate s o l u t i o n . Tiihen a l l the Pr had been' el u t e d , 
the p r e c i p i t a t e . - i n the 5 t o 4. middle f r a c t i o n s v/as c o l l e c t e d 
together f o r source p r e p a r a t i o n , cotuiting and chemical 
y i e l d determination. 
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