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figure may be estimated the effect of 
anticipated breeding gains at various rflutes;. 

on the ordinate would be equivalent t o  conditions which allow conversion 
only, so  that the difference between O.3/l and the pl,ô t;ted values for t o t a l  
extrmeour; captures becomes an approxim-te m a s w e  of %he nwber o f  neuCrons 

that remaim available for  excess U233 production and/or losses by beakage, 

capture in reactor components, e t c .  These data indicate that the  overall 

neutron economy w i l l  decrease with increasing %lux, and that Pa233 and the  

hi&-cross-section fission products are the controlling factors in extraneous 
neutron captures. 

ation 'were the onby consideration in the overall  economy of power production, 
use of blmket fluxes greater than lox4 would be weconomic. 

ation o f  as a, function of flux and processing period. 

that the concentration ratio of fission products to isotopes o f  mass 233 
decreases with an increase rn. flux, while the fission pr~duct/U*~~ concen- 

tration ratio increases s l igh t ly .  Data are tabulated in Tables 2 - 5 .  

fission products, and IJ234 on 
For example, st ratio o f  003/1 

If neutron I_~sses to high-cross-section products of irradi- 

Fig. 4-8:: Plots showing concentrations of products formed in irradi- 

It m y  be seen 

Fig. 9:  Plot showing the effect  of flux on the length of -the processing 

o r  irradiation period. necessary to obtain various values of mass 233 con- 
centration (g / t  level) in ~h~'~. 

Fig. 10: Plot showing g/t level i n  irradiated thorium as a function 

of flux and processing period. 

Figs. J - l  and 12: Plbts showing Pa *33/ u233 r a t i o  as a function of 
flux and,-g/t level and of f l u x  and decay -time after discharge from reactor, 
respectively . 
t i m e  of discharge as a function of Sbux, processing period, and/or g/t 

level. The cross sections5 appearing 
on the p l o t s  are representative of -the range of available data and are known 
to vary with neutron energy and/or reac-kor geometry. 

of M activity due to f?32 daughters. 

Plots showing 

Figs . 13-15: Plo-ts showing U232 concentrations and/or activities at 

The data are tabulated in Tables 6-8. 

Fig. 16: Blot  showing the effect6 of storage time on buildup and decay 

Figs.. 17 and 38: concentration as a function of 
f lux  and g/t  level and of decay tine, respectively. 
decay t i m e  necessary to permit direct refabrication or  metallurgy of thorium. 

The da%a indicate the 
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binding energyo Because of the high energy necessary for reaction, only 

a small fraction of neutrons enter into (n,2n) reactions, and this small 
fraction decreases with in,creased moderation of the reactor .  

!The (n,2n) cross sections f o r  reactor  neutrons have been variously 
reported as 2-13 

The differential 

are 

nab, although there have been some data indicat ing d l  ab. 
equations used to calculate UP3* concentration a d  activity 

Then equations are integrated to give 

'' 02 

In order t o  comgare U233 products produced. at different g/it levels 
or by decay o f  Isolated Pa233, it i s  necessary t o  determine the a activity 
due to This is done by determining the M activity ratio: 

I 

U232 decays to a series of a-emitting daughters (Table U) with a half- 

life af le%, the b l f - b i f e  of e Hence i n  b*gy the daughter a c t i v i t i e s  

are egml to half the i r  equilibrium value. 
a c t i v i t y  reaches a ~ ' w i m t u n  of 5.2 times the U232 activity at ti.me of reactor 
discharge, or 5.7 times t h e  tJ232 a c t i v i t y  then present. 

228 

A f t e r  10 years the t o t a l  M 

Vith No = 0 and ne,n;l.ecting the half-lives of the remainder of the 

series, the equation f o r  the ackivity, As, of the daughter series as a 



of decay t ecsmes 
0 

reaches PO a 

ous irradiatf 

son purposes 



- 32 - 

Under equilibrium conditions the a c t i v i t i e s  at the  same g / t  levels will 

be slightly higher for a lower f lux  o r  Lower for a grea-t;er flux. 
even with the correction factor  applied to a f lux  o f  10l5 n/cm /set, the 
U232 activity w i l l .  still be about a factor  of 2 higher %ban t'nat of ex- 

However, 
2 

ponential irradiations. 

activity will conkribUte t o  a radiation background in the 
thorium product from chemical processes. 
a long decay time since it is necessary to decay to 1.0' d/m/kg thorium 

for direct metallurgy. 
wLth increasing flux and increases asymptotically toward saturation 
activity as the g/t level  increases. The Th234 saturation a c t i v i t y  
increases d-irectly as the square of the f lux .  
bring T ? J ~ ~ ~  aclivi.%y t o  IO9 d/m/kg Th is 200d. Cor a l l  g/-L levels at a 
flux o f  1 0 ~ 3  n/cm-/secl 
and 

This activity will necessitate 

The activity of Th234 increases very markedly 

The minimmi decay t ime  to 

If operation i s  a t  a f l u x  of 5 x 10" n/cm / s e c  

saturates 31Od decay wduld be required f o r  this a c t i v i t y  level 

? 2 

to be reached. 

5.0 EFFECT OF IRRADIATION PRODUCTS ON fisEuTROH ECONOMY 

Another consideration in the production of U233 is neutron economy- 
The intermediates i n  m y  chain may have high cross sections,  and would 

rexnove.'neutrons which otherwise could be captured by thorium. The pro- 

ducts considered in this study as poisons were Pa233, LJ234, and fission 

products. 

much lesser extent. 

with flux and g / t  level, while t h a t  due to U*34 shows only a slight 

increase with flux and g/t  level .  
created by fission products arc much higher at lower fluxes* 

nomenon is due mainly Lo the longer processing periods required at lower 

fluxes f o r  a given g/t Levelo 
with f h x .  

Other materials would contribute to neutron losses, but to EL 

The poison effect  due -bo Pa233 increases markedly 

On the other hand, the poison effects 

mis phe- 

T ie  overall poison effects show an increase 
2 

The t o t a l  poison a% 5000 g/t changes from 2.237% at I d 3  n/cm /sec 
2 t o  9.832% at LOx5 n/cm / s e c  flux. 

losses t o  the glven chain member as compared to neutrons caplured by thorium 
The poison e f f e c t s  ' G ~ X  based on neutron 

232 
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Table 8. 

(To Fats) 
x lo2 

(To ta l )  
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Table 8 (continued) 

g Mass 
233 per 
ton Th232 

8N 0 
’ 24 24 

bN02 a02 
2 x 10 

(To FP’s) 

z: Losses 
dNoe @02 

2 x 10 
(Total) 

At Flux of Sol4 n/cm 2 / s e c  

I, 000 1. 5242 o 0192 0 0073 1.5507 
2,000 2.3948 0.0663 0 * 0712 2.5323 
3, ~ 0 0  2 9693 0 . ll+48 0.2107 3 3248 
4,000 3 3197 0.2580 0 4594 4 e 0971 
5,000 3 6891 0 41311- 0.8563 4 e 9588 
7,000 4.1256 0.9022 2 3497 7 3775 

10,000 4 . 5340 2 . 4945 8.8505 15 8790 
2 A t  Flux of 5 x 1014 n/cm / s e c  

1,000 1 9774 o 0206 0.0027 2 0007 
2,000 3 7075 o . 0810 o 0205 3 8090 

4,000 6.6578 0 3239 0.1499 7 . 1216 
5,000 7 9480 0 5126 o 2863 8 7469 
7,000 10.2630 1 0533 o 7801 a2 0964 

-- 10,000 13 -2379 2.4269 2 4696 18 . 1344 

3,000 5 -2530 0 1814 0.0657 5 50Q1 

2 At Flux of lo1’ n/cm / s e c  

1,000 2 0526 0 0210 0 0014 2.0750 
2,000 3 9685 o 0838 o 0108 4 e 0631 
3,000 5 7765 0 0 1890 0.0351 6.0006 
4,000 7 9 4974 0 3387 o 0807 7.9168 
5,000 g ilc23 0.5356 0 1544 9.8323 
7,000 12.2588 1.0893 0.4155 13 7636 

J-0,ooo 16 5835 2 4127 1 . 21477 20 2439 
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Table 9. Ruthenium Isotope Concentrations and Activities at Time of Discharge 



Table 9 (continued) 

n 
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Table 10 (continued) 

BLanke t 

Rate 
(reactor vol/day) 

PrOCeSSing 

2 At Flux of lo1” n/cm / s e c  

1,000 

2,000 

3,000 

4,000 
5, 000 

7,000 
10,000 

6 e 597 
27 821 
58.352 
94’ 540 
134.48 
221 * 12 

360.44 

5 780 
26 . 087 
56.047 
91 969 
131.78 
218 e 61 
358 98 

2 n/cm / s e c  At Flux of 5 x 

1, OQO 29 59~10-~ 2.741 1 596 
2,000 11-1.. 30x10-* 17 9 387 12 911 

3,000 9 e 158x10~~ 48.132 39 388 
4,000 6.555~10~~ 95 618 82 508 
5, 000 4 a 9 ’ 7 5 ~ 1 0 - ~  159.41 142 25 

7,000 3.136~10-* 331.84 308.40 
10,000 1 7 1 ’ 7 ~ L O - ~  - 687.55 660 . 08 

2 At Flux o f  10’’ n/cm / sec  
I-.- 

1,000 59 3lxlQw2 1.540 0 a 632 
2,000 28 83x10~~ 10.714 6.306 
3,000 18 . 61~10-~ 31 873 21.964 

5,000 LO. ~ ~ x L O - ~  118 37 94 e 625 

4,000 13.46~10‘~ 67.285 50.732 

7,000 6.746~10-‘ 268.51 230.77 
10,000 3 989~10-~ 62.1. 20 566.43 
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The negative radical term. is not used since it always gives a, physically 
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= 

= concentration of given nuclide 

i .n i t ia1 eamcentratian of given rmclide 

2 = f lux  (n/cm / s e e )  

= time ( s e c )  

= 

f= processing period (days) 

= activity at time o f  reactor discharge 

fission yie ld  of given fission product 

= chemical processing rate in .  reciprocal days 

= decay constant 09 a given nuclide 

= fission products 
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Table 315. Decay Constant Values 
__ 

Symbol Value 

-1 -1 3.647 x 10 y 
-3 -1 9.9 x bQ y 
-6 -1 4.28 x 10 y 

A 3.06 13u 

1 R. W 4  Stoughton, D. E Ferguson, 5. Ealperin, and C. V . Ellison, 
2. 

3. 

0 ~ ~ ~ - 1 k 6 2  (May 5, 1953) 
P.  Fields,  E .  G-erngrass, and M. Diamond, ANL-4661 (February 1, 1952) 

E. K. Hyde, R. 5. Bruehlmn, and W. MI Manning, ANL-4165 
(June 25, 194-8) 

4. E.  I). Arnold a d  A *  T. Gre~ky ,  ORKL 181.8 ( I ~ C W L I J C Y  5, 1955) 
5. R.  frJ. Stoughton and J. Halperin OWL, l e t t e r  to F. L. Culler, 

ORNL (January, 1954) 




