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ABSTRACT 

There is lot of interest these days in thorium fuel cycles. There 
was an international symposium on this subject in December 1962. last year, 
a panel meeting was organised on 'Utilization of thorium in power Reactors' 
under the auspices of International Atomic Energy Agency. This year the 
'2nd International Thorium Cycle Symposium', organised by TJ.S.A.E.C. was 
held during May 2-6, in which about 46.papers were presented. A number of 
conclusions reached in these symposia would be discussed in this survey. 
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UTILIZATION OP THORIUTI HT P0W3R REACTORS* 
- by 

B.P. Rastogi 

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

v 

1 . It is easy to understand why work on nuclear fission reactors 
originated with uranium as the nuclear fuel. Nature provided only one 
readily fissionable isotope at this particular age of the earth - that is 
U-235 which constitutes only about 0.7/a of naturally occuring uranium. It 
was recognised very early in the history of nuclear reactors that the long 
terfo importance of nuclear fuels for power production depends on our ability 
to use not only the original fissionable U-235 provided by nature but also at 
least an appreciable part of the much more abundant fertile materials U-238 
and Th-232 which could be converted into fissionable isotopes. 

2, Kature has provided abundant resources of uranium and thorium in 
tho world. However, the abundance of thorium is many times more than that of 
uranium. With the help of breeders based on uranium cycle the energy content 
of uranium could be made about 100 times the energy content of fissile U-235. 
The addition of thorium breeders increases-these energy resources many times. 
?7hile discussing the natural resources of uranium and thorium one has to look 
into the question what is the quantity of these substances available and at 

( 
what cost? Table 1 shows the resources of uranium in the U . S . A . and Canada 
The first column of this table gives the price range and the second and third 

* Lecture given in the Trombay Colloquium held on September 13» 1966. 
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P R E F A C E 

The fourth C C D N N e w s l e t t e r , and the last in 1 9 6 6 , sees the 
Cent re t ry ing to put its books stra ight; a w o r t h w h i l e task c e r t a i n ' y but perhaps 
i t is the salutary e f f e c t of the at tempt w h i c h is of more s ign i f icance at the end 
of the first o f f i c i a l three year per iod of the Centre 's e x i s t e n c e . 

O n c e C I N D A * was established in Europe, its pub l i ca t ion b e c a m e , 
i f not a rout ine m a t t e r , a t least a regular occurrence and i t has deve loped into 
a tool a c c e p t a b l e to that sect ion of the sc ien t i f i c community interested in 
neutron cross sections: even at the same t i m e , of interest as a potent ia l model 
for s imi lar tools in other d isc ip l ines . H o w e v e r , the c o l l e c t i o n of references 
is but o small part o f the task o f a d a t a c e n t r e , i t is the l o g i c a l beg inn ing but 
the c o l l e c t i o n , c lass i f icat ion and storage of the d a t a themselves is the second 
and major task. * 

Da ta are c o l l e c t e d in the SC1SRS* system i n i t i a t e d by the S igma 
Center at Brookhaven N a t i o n a l Labora tory , and the C C D N in taking over the 
ef for t w i t h regard to European data benef i ted g rea t l y from the i n i t i a l work 
carr ied out a t B N L and of course in the beginning the Centre 's f i les consisted 
for the most part of da ta inserted by the Sigma C e n t e r . U n f o r t u n a t e l y , the 
o r i g i n a l SCISRS system provided no index to the contents of the f i l e ; the C C D N 
soon found this a first pr ior i ty requi rement for its own use, and was simultaneous 
under heavy pressure from its customers in Europe to provide a short list of its 
wares . A simple solution invo lv ing the use of a t o o l , w e l l known by t h e n , was 
to earmark those C I N D A references from w h i c h the da ta had been inserted in 
SCISRS. The result was a short C I N D A f i l e w h i c h appeared as the second 
C C D N N e w s l e t t e r ( C C D N - N W / 2 ) in June 1 9 6 6 . 

C o n n e c t i n g the t w o . f i l e s , a l though apparent ly t r i v i a l , is never the 
less far from st ra ight forward. This tedious job r e v e a l e d many inconsistencies and 
I n f ac t News le t te r no . 2 contains many errors and omissions. Thereaf ter the 
work was cont inued in a rout ine fashion but i t became apparent in November 
that the connect ion could not be brought up to date for several months. As 
ment ioned in the 2nd N e w s l e t t e r , the use of two systems had the p r inc ipa l 
b e n e f i t that many faults in each were r e v e a l e d by at tempt ing to connect the 
t w o . In the m e a n t i m e , the Sigma Center had coded a large quan^Jty of d a t a 
and the C C D N had produced in terna l work ing programmes for processing d a t a 
on its own 3 6 0 rather than on 7094s . O n e of these programmes in essence p ro -
duced reference f i les from the Master D a t a Tape ( M D T ) for in te rna l Cent re use: 
i n par t icu lar to assist in the work of connect ing C I N D A and SCISRS. 

/ 

I t was l o g i c a l at this point to publish the data index produced 
from the M D T rather than the incomple te list ex t rac ted from C I N D A . This 
4 th News le t te r then is a reference index to the da ta he ld on the M D T at the 
C C D N at the end of December 1 9 6 6 . It w i l l have its own in terna l faults as 

* Symbolism is f u l l y covered in the 1st N e w s l e t t e r of the C e n t i e 
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does the independent ly constructed C I N D A p u b l i c a t i o n and benef i ts w h i c h 
ensue from connect ing tr. 2 two systems must remain unt i l a la ter d a t e . 

The da ta t .n tent of t h e * M D T w i l l not b e i d e n t i c a l to that he ld 
in the Sigma Center since da ta is w a i t i n g to be inserted Into the f i les at both 
centres; i n par t icu la r over the last year the Sigma Center has spent some c o n -
siderable e f for t on corre "ing and u p - d a t i n g the l igh t elements up to Z = 2 0 but 
this tope of corrected dc = has not yet ar r ived at the C C D N . W e :"nould l i k e to 
emphasize at this point r.;at a major f rac t ion of t k e da ta in these f i les has been 
inserted by the Sigma C e n t e r . The M D T w h i c h has resulted from the combined 
efforts of the C C D N and B N L , consists ot the end of 1966 of some 8 , 0 0 0 entr ies 
corresponding to a p p r o x i n a t e l y 7 0 0 , 0 0 0 da ta points . 

D A T A REQUESTS 

D a t a , to w h i c h the references in this index r e f e r , may be requested 
by scientists In p a r t i c i p a t i n g member countries. Re t r ieva l is made on the Master 
Da ta Tape in a v a r i e t y of d i f f e r e n t c lass i f icat ions . The results are a v a i l a b l e in 
the form of l ist ings, magnet ic tapes, or punched cards, as pre fer red . 

Requests should be spec i f ied in terms o f Z , A , quan t i t y and energy 
l imi ts . The in format ion sent to the requestor w i l l not necessari ly match the r e f e r -
ences conta ined in the index since more m a t e r i a l is cont inua l ly added into the 
f i les and the energy l imits speci f ied are less e x a c t than those of the da ta f i l e s . 
A t this moment , i t is not possible to answer da ta requests speci f ied by r e f e r e n c e . 

The Centres would grea t ly a j f f j rec ia te being informed of errors 
w h i c h are de tec ted in this list and these of course should be iden t i f i ed by page 
and l ine number; references are numbered from 1 to 50 irt the ext reme l e f t - h a n d 
margin o f each p a g e . 

Da ta requests from Canada and the U n i t e d States should be d i r e c t e d 
to: 

Sigma C e n t e r , 
Bui ld ing 197 , 
Brookhaven N a t i o n a l Labora tory , 
U p t o n , Long Is land, 
N . Y . 1 1 9 7 3 , USA 

D a t a requests from other p a r t i c i p a t i n g O E C D countries should be 
d i rec ted to: 

E N E A N e u t r o n D a t a C o m p i l a t i o n C e n t r e , 
B . P . 9 , 
9 1 - G i f - s u r - Y v e t t e , 
France 



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

H O W T O READ THIS I N D E X 

Space permit-t ing. In format ion I n the I n d e x is expresses! In norma! 
English in order that the reader may a v o i d too f requent re ference to d i c t i o n a r i e s . 
The abbreviat ions used are l isted in a f o l d - o u t sheet a t the end of the N e w s -
leJter and in the in t roduct ion discussion is l im i ted to quant i t ies the meaning of 
w h i c h Is not c lear from the form used in the I n d e x . The columns In the l ist ing 
are considered in tu rn . 

N U C L I D E (Table 1) 

W h e r e no a tomic number is g i v e n , the exper iment refers to the 
r \aturai isotoplc composit ion of the e l e m e n t . C h e m i c a l compounds are l isted 
under the e lement c h i e f l y responsible for the neutron cross sec t ion , w i t h an 
"atomic number" based on the other e lements i n c l u d e d . The same convent ion 
is used for elements w i t h an unusual isotQpic composi t ion. 

Q U A N T I T Y (Table 2) 

The categor ies into w h i c h cross sections and other quant i t ies are 
d i v i d e d are those of the or ig ina l SC1SRS system*. Using a few abbrev ia t ions , 
most cross sect ion types can be de f ined wi thout ambigui ty in the space a v a i l -
ab le on a pr inted l ist ing. The abbrev ia t ions are e x p l a i n e d In the f o l d - o u t sheet 
at the end of the N e w s l e t t e r , and the less obvious cross sect ion types are def ined 
in Tab le 2 . The broad categories of dcita held in the f i l e are: 

Cross sections such as o ( n , 2 n ) , o ( t o t a l ) , o ( n , f ) . 

-Resonance parameters for states of the compound nucleus 
( target nucleus plus a neutron) 

Energies of gamma rays observed in n e u t r o n - i n d u c e d react ions , 
or d i f f e r e n t i a l cross sections For rad ia t ion of a g iven 
energy 

Fission parameters such as v , a , and n 

T D i f f e r e n t i a l cross sections in mi l l ibarns per steradlan (mb /s r ) . 
O n l y quant i t ies w h i c h are functions of the angle of 
measurement are classif ied as d i f f e r e n t i a l ( ch ie f l y 
angular d istr ibut ions, inc lud ing the case where the 
d ist r ibut ion of reac t ion products is anisotropic and 
the cross sect ion is measured at a single a n g l e ) . For 
e x a m p l e , the ine last ic scatter ing cross section to 
d i f f e ren t leve ls of the target nucleus Is listed under 

* B N L 883 w i th rev is ions, "Sigma Center Informat ion Storage and Retr ieva l 
System" 



Sig ( tot Ine las t ic ) i f In tegra ted over a l l angles 

The da ta l isted re fer to react ions where the incoming par t ic les 
a re neutrons, and are almost e x c l u s i v e l y e x p e r i m e n t a l -

Emin Emox 

The lowest and highest neutron energies in the exper iment are 
expressed in e V . 

The entry 3 2 ^ s h o u l d be read 3 2 x l 0 4 e V = 3 2 0 k e V 
2 5 - 3 should be read 2 5 x l O ~ 3 e V = 0 - 0 2 5 eV 

REFERENCE 

For Journals, the standard C I N D A journal a b b r e v i a t i o n ' s f o l l o w e d 
b y the vo lume and page nurabefc References for reports usual ly con ta in on ly the 
report designat ion and a number , 

D A T E 

The da te g i v e n is the da te of p u b l i c a t i o n , or the da te when t» 
p r i va te communicat ion was r e c e i v e d . 

LAB (Table 3) 

The laboratory at wh ich the work was done is l isted using standard 
C I N D A laboratory a b b r e v i a t i o n s * . A few addit ions to the list and obsolete forms 
are l isted in Tab le 3 . 

S STATUS 

A b lank signif ies that the da ta are the rmsst recent a v a i l a b l e for 
the measurement. Numbers entered in the status column are to be in terpre ted 
as fo l lows: 

1 . Results as r e c e i v e d , but not se lected as the author's 
best d a t a ; 

2 . Result w i thdrawn or superseded; 

3 . Result based on theore t ica l ca lcu la t ions ; 

4 . Result as publ ished: needs renormal isat ion; 

6 . Recommended value.-

* See the tables in C I N D A '66 ( E A N D C 6 0 ' U ' , N Y O - 7 2 - 1 0 7 , C C D N - C I / 1 1 ) 
or the O c t o b e r 1966 supplement ( E A N D C 6 6 ' U ' , C C D N - C I / 1 3 , T I D - 2 3 3 5 7 ) 
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STD (Table 4 ) 
* 

The re ference standard used in the cross sect ion measurement is 
l isted e i ther b y one o f the abbreviat ions e x p l a i n e d in Tab le 4 , or mere ly by 
the symbol for an e lement or isotope. In the Master D a t a Tape a comment card 
accompanying the da ta gives more deta i ls of the v a l u e t a k e n for normal isat ion 
a n d , where o n l y the e lement or Isotope symbol Is g i v e n , of the cross sec t ion . 

M E T H O D (Tab le 5) 

Most method indicat ions w i l l be c l e a r when the abbrev ia t ions are 
expanded using the f o l d - o u t sheet at the end of the N e w s l e t t e r . O t h e r s are 
e x p l a i n e d Tn T a b l e 5 . 

D A T A PTS 
f 

This column gives the number of da ta points in the Master D a t a 
F i le for e a c h index e n t r y . In c e r t a i n cases this number w i l l be i n c o r r e c t . 
Problems associated w i th d e l e t i o n or incorrect d a t a blocks and w i t h compression 
of the data f i les to produce this index have not y e t been c l a r i f i e d and lead by 
their very nature to d u p l i c a t i o n of re fe rence entr ies in the i n d e x . Removal of 
double entr ies d id not of course invo lve cor rec t ion of the number of d a t a points . 
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Table 1 - C h e m i c a l Compounds ond Isotopic M i x t u r e s 

H 1 0 1 
H 2 0 l iqu id 

h 2 0 2 
D 2 0 l iqu id 

h 2 0 6 
C 2 H 6 ° 

h 6 0 6 
C 6 H 6 

S i 8 0 8 S i O j (quartz ) 

924 
Z r 5 0 % Z r 9 2 w i th 5 0 % Z r 9 4 

P b 4 0 6 Radiogenic l e a d , c h i e f l y Pb 



Tab le 2 - Cross Sect ions and O t h e r Q u a n t i t i e s 

2g * G ( n ) 

2g * G ( n ) s - w a v e * Abun 

2g * G 2 ( n ) / G ( t o t a l ) 

D e f i n e d in comment 

D i f f ( e l + s o m e i n e l ) 

• 

D i f f Sig(np + nnp)Jp 

Fit(cos) to ( n , n ' ) 
F i t (cos)Chargd Part 

F i t (Leg)Elast ic Set 
F i t (Leg)Chargd Part 

Fission y i e l d ( % ) 

G ( A ) at Resonance 

G ( f ) at Resonance 

G ( G ) at Resonance 

G ( n ) for I = 0 

2 

G ( to ta l ) * S igZero 

( n , f ) | n - f rag corr 

2g T n in m e V , where g is the s ta t is t ica l we igh t 

2g T ° x unknown isotopic a b u n d a n c e , in meV 

2 ~ 
2g T n / f for the resonance, in eV 

Q u a n t i t i e s outside the SCISRS de f in i t ions are 
speci f ied in the comment (not pr inted in this 
index) 

D i f f e r e n t i a l cross sect ion in mb/sr for e last ic 
sca t te r ing , w i t h some unresolved ine las t ic 
scat ter ing 

D i f f e r e n t i a l proton emission cross sect ion in 
mb/sr 

F i t t ing coef f ic ients for expansion o f the angular 
d istr ibut ion for 

( ine last ic scat ter ing) 
(charged par t ic les) 

as a power series in cosB 

Legendre coef f ic ients for expansion of tSe 
(e last ic scat ter ing) 
(charged p a r t i c l e ) 

angular distr ibut ion 

The percentage y i e l d of d i f f e r e n t fission products 
( l isted wi th the data) 

The a lpha w i d t h r ^ in meV 

The fission wid th r ^ in meV 

The gamma width P in meV 

The reduced neutron w i d t h in meV for s - w a v e 
scat ter ing , 

r ^ o in e V -barns o 

The angular corre la t ion in fission b e t w e e n prompt 
neutrons and fragments 
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j[np + nnp) |p emissn 

N u , unspeci f ied 

Sigma(abs) * (E ) *^ 

S ig(e l + some inel ) 

S i g ( n , A ) |comp nuc 

S igZero at Res 

S igZero * G ( G ) 

Proton emission cross section in barns 
* 

Neutrons per f ission, where the re ference does 
not speci fy whether the neutrons are prompt or 
de layed 

1 
o(absorbtion) x E n 

Total e last ic scatter ing cross sect ion , w i th some 
unresolved ine last ic scatter ing 

The compound nucleus component of the (n ,a ) 
cross sec t ion , in barns 

a c , the peak tota l cross section in barns 

T a in e V - b a r n s y o 



Tab le 3 - Laboratories 

This list contains only abbrev ia t ions not inc luded 
in the foreword to C I N D A '66 supplement 1 

GES = G E F = G e n e r a l E lect r ic Space Lab 

H A Y = HRV = Harvard 

M N T = U M T = Univers i ty of M o n t a n a 

M U S = M U A = Musl im U n i v e r s i t y , A l i g a r h 

STD = A E = A k t i e b o l a g e t A t o m e n e r g I , Studsvik 

STK = A k t i e b o l a g e t A t o m e n e r g l , Stockholm 

STR = N u c l e a r Research C e n t r e , Strasbourg 

V A L = G E V = G e n e r a l E l e c t r i c , V a l l e c i t o s 
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Tob le 4 - Reference Standard 

A l + C u 

T o t a l 

R e a c t 

C u n 2 n 

2 5 2 
Cf ^ 

Absol 

A l n , p 

u 2 3 5 f 

C fAbs 

T h / n f 

u238f 
H ( n n ) 

S igTH 

ib Z A 

ib Z 

ibSig 

D i f f 

A l 2 ? ( n , a ) * C u 6 3 ( n , 2 r 0 + C u 6 5 ( n , 2 n ) 

N o r m a l i s e d to the to ta l cross sect ion of 
the target isotope 

N o r m a l i s e d to the t o t a l r e a c t i o n cross sect ion 

C u ^ 3 ( n , 2 n ) 

2 5 2 

C f spontaneous fission ra te 

Absolute d e t e r m i n a t i o n ; no standard 

A l 2 7 ( n , p ) 

U 2 3 5 ( n , f ) ( O r a l loy) 

Normal ised to absolute measurements 

T h 2 3 2 ( n , f ) 

U 2 3 8 ( n , f ) 

Elast ic scat ter ing on hydrogen 
Norma l ised to the same thermal cross sect ion 
of the same nuc l ide 

Norma l ised to another r e a c t i o n of the same 
isotope 

Normal ised to another isotope of the same 
e l e m e n t 

Normal ised at some energy (not thermal ) to 
the same cross sect ion of the same nuc l ide 

D i f f e r e n t i a l cross section normalised at one 
ang le 

N o n e Cross sect ion g i v e n in a rb i t ra ry units 



T a b l e 5 * M e t h o d 

4 Pi * S i g 9 0 ° 

A c c e l e r a t o r 

B a c k - t o - B a c k 

B r e i t - W i g n e r 

D i f f Sig Int 

P o l a r i z n - l / r 

F i e l d Rotatn 

M i r ro r Refl 

S I o w i n g - D o w n 

Ext rapola tn 

4 * x cross sect ion at <90° + 1 0 ° ) 

M o n o e n e r g e t i c neutrons from ( p , n ) , ( d , n ) 
or other react ions used 

B a c k - t o - b a c k fission counter 

C a l c u l a t e d from parameters by s i n g l e - l e v e l 
fo rmula 

In tegra ted d i f f e r e n t i a l cross sect ion 

L e f t - r i g h t comparison for polar isat ion 

M a g n e t i c f i e l d ro ta t ion for polar isat ion 

T o t a l r e f l e c t i o n from mirrors 

SI o w i n g - d o w n - t i m e spectrometer 

Ex t rapo la t ion from other energies 




