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I.00 ABSTRACT 

Calculated data and graphs describing the effects of batch 

thermal-neutron irradiation of thorium, the usual method of oper- 
ation of heterogeneous reactors, are presented. The buildup and 
decay of ,233J pa233, other heavy isotopes, and fission products 

are considered on the basis of best available cross-section and 
fission-yield data. 

the Thorex chemical separation process are indicated briefly. 
Tke effects of these irradiation products 0x1 

2 0 INTRODUCTION 

The purpose of the study reported here was to calculate the amounts 
of various products that would be produced by batch neutron irradiation of 
thorium in a heterogeneous reactor.+ The infcam-tiorr thus obtained would 
be used as a basis for determining the extent of irradiation th&t is both 

desirable and permissible and the decay time required for reasonable chemical 
processing schedules in the Thorex process plants. 
fluxes of d3, IOx4, and 1015 n/cm /sec, based on nuclear reactions known to 
occur (Pig. I) when 
cific fission products (Fig. ‘2) formed in fission of U233- 

plotted in both summary and detailed form. 

Data were calculated for  
2 

is irradiated and an the estimted amounts of spe- 
Tbe data were 

Amounts of products remaining 

after various post-reactor decay times were a lso  calculated and plotted. 

140-La140 
J 

232 $33 $34 ,235 ,236 $37 ,233 
The products considered were U J I t 

RU103J Eti1O6, and the chain 

3.0 PLOTTED DATA 

Figsl 3-8: Composite plots showing the amounts of various products 
formed as a ;Cunction of irradiation time. 

loL3, 1014J and l O I 5  n/cm /seco 

Val.uea are given for fluxes of 
2 The d a b  are tabulated in Tables 1-3. 

* Sirnilas caleulatioras Pof continuous irradiakion in a homogeneous reactor 
are given in om~-1817. 
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MASS No. 

~ i g .  2. u~~~ Fission yield Curve.  



Fig .  9: Plot showing produdion  of i s o t o p s  of mss-233 as a, Pmr-  
d 

t i o n  of flux and time. 
Figs. 10 and 11: 

as a function. of d"inx and irrad1rzt;io.u time and of f~~ and decay time 
after disc'mrge, respectively. At t i m e  of discharge, Following i r sad i -  
ation a t  .a o f  lo1' n/cm / sec, i n  ma-terial containing 3000 g of 

isotopes of mss-233 per ton  of thoriim, 9'2$ o f  the 233 isotope would 
be Fa233. 

decay Lime c8-a be visualized as an expedient means of obtaining large 
quant i t ies  o f  isabopically g7xe 

of the Fa233 in the Tiorex extraction C,CS%UI aqdeo-ils a\mste. 

Plots S ~ Q I C ~  ng the RL '33/u233 concmitrati on ratio 

2 

Chemical processing (Thoyex] of such material after a shor t  

which would be formed by decay 

2 321~23 3 Pigs. 12-14: 
a activ-iky =.%io as z Rmction of ipr8,diation k i m e  and. flux, and the 

u23* and d a u g ~ e r  a c t i v i t i e s  as a - ~ c t i o n  of decay time after discharge. 
U2?' d a - h  are ta%xil.ated in Table 4 
members that e m i k  8- t o  9-Mev a par t ic les  hi@-tly cffXcient i n  causing 
(a,n) reactions on lLghL metals, e.e;., carbon and boron, whicSi  my con- 
taminate the f ina l  $33 me-i;al product. s ~ '  m e  a a r t i v i t y  values p lo t ted  

i n  Pig. 3.3 are those of U232 al.one and do not include the a c t i v i t i e s  sf 
the  f ive  daughters, which grow i n  w i t h  a. l - 9 ~  half-lifee 

a c t i v i t y  at; equilibrium ("12 .5~)  would be approximtely 6 tines 'chat of 
U232. 

spread of reported data, Which are known t o  vary wit% reactor moderation 
and neutron energy d is t r ibu t ions  I 

Plots shoving the  iaanomt of Th234 famed as a function 
o f  flux, the ~ 1 . 2 ~ 3 ~  p a c t i v i t y  as a fimction of g/t level, flux, ana decay 
tine, and the decay time required t o  reduce t'ne Th2j4 9 activity to 4 bQ 

d/m per kilogram of thorium. 
pemiss ib le  for  a thorium product destined f r r  subsequent dire@% handling i i~ 

io 

Plots showing anout o f  If3* formed, the U 

The U232 chain is horn t o  can%ain 

The t o t a l  a 

The cross-section values of 2-33 mb represent the  charackerist ic 

Figs. 15-17: 

9 

This value is cor~sidtxed the fiiaxi.;nwn f3 a c t i v i t y  

metallurgical operations. It is  readi ly  observed tha t  the Th 234/rJh232 

increases roughly as the sqwm of the f h ~ x ;  very- long decay periods after 
discharge would tIiereEoue be imposed by ir-radjations a t  8 flux o f  BO" or  
even a t  the '10 

14 2 n/cm / s e c  proposed f a r  the T h e m 1  Breeder Reactor b l a ~ k e t ~  



Figs. 18-20; P l o t s  showing Ru103 and €3~’ ’~ a c t i v i t i e s  as a function 
of flux, g / t  level,  and c;iec&y time af’ter discharge. 
con.tamination fac tor  caf 3.00 i s  assumed for  the thorium product, it can be 
shown %hat the addi t ional  a c t i v i t y  conta-Lbuted by RuXo3 is  eliminated during 

If a ruthenium de- 

the t ime required f o r  Vne a c t i v i t y  t o  decaye However, the ly Ru 106 
becomes l imi t ing  with fluxes sf LO’‘ or 

t o t a l  ruthenium a c t i v i t y  below 10 9 d/m/kg Th232 even wiSh the long period 

n/ca 2 /sec at production levels 
of greater than 1000 g / t e  
require a minimum rutheniwn deccmtamim%ion factor of I O 3  to reduce the 

required f a r  Th234 t o  decay. 

The a c t i v i t y  SS will in -&hese cases then 
9 

FWhenium data. are tabulated in Table 5 .  
The widely varying, compositions of Thorex process feeds that may be 

visualized in. long-range p r o j e ~ t i o ~ t s  involving thorium i r r ad ia t ion  m y  

demand s igni f icant  f l e x i b i l i t y  i n  p~ocessing philosophy. 

4.0 ~~~~~0~ OF W232 FROM 7 3 . 1 ~ ~ ~  

It is  generally agreed t h a t  u23* is produced i n  reactors chief ly  bg 
the  reactions 

The (n,2n) reaction can occ-m only with neutrum with energy greater than 
the 5-6 M e V  neutron binding energy-. 

a n  vary w i t h  d i f fe ren t  reactors or even in different regions of the same 
reactor owing t o  the different extents of moderatione 
energy necessary for  reaction, only a s r i a L 1  fraction of neutrons enter  in to  
(n,2n) reactions, and this smal.1 fractican decreases w i t h  increased naoderation 
of the reactor e 

The relative amounts of (n12n) reactions 

Because of the high 

~ h c  (n,2aa) cross sectisas f o r  reactor nara.t;~ons have been vpdriou.eily 
reported as 2-13 mb2 although there have been some data indicating n*l mb- 

In. this report the range 2-13 mb was used t o  i~diea%e %ne concentration 
and a c t i v i t y  of L?320 

the  cy; a c t i v i t y  o f  the total mass-233 produced, w h i l e  Figs. 1‘2 and 13 indicate 

the  U232 concentrations and %he l?232/u”33 a a ~ t ; i ~ t t , y  ratios, respectively 

Table 4 shows the effect  OS U232 concenLratiors of 
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Table 2. 

Irradiation 
Time 
(*Yd 

2 
3 
4 
5 
10 
20 
25 
30 
40 
50 
60 
70 
75 
80 
90 

100 
15 0 
200 
25 0 
300 
350 
400 
450 
50s 

,233 $33 

0 ” 022 
0.084 

04390 

1 174 

2.155 

3.14 
4.925 

0 00052 
0 I 0021 
0 014 

0,033 

0 083 

0 277 
0 483 
0 728 
1 Q 035 
1 e 338 
1.67 
1.99 

2 *63 
2.32 

per kg of Th 

,235 

0 - 1214 
0 - 2428 
0 = 3035 
oA07 
1 214 

1 a 821 
2 428 I 

3.035 -4 

3 -642 I 

4.856 
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Table 11.. Effec t  of U232 Concentration on Total c1 Activity of Product as Total Mass 233 

5 
10 

2 G  

30 

40 
50 

60 
70 
100 

25 0 
500 

75 0 

1000 

,233 

( @;/Y 1 
,233 a- 333 

(id 
4 

2) i s integration 

0.306 
0.608 

1 A05 
2 933 
2.82 

3.25 
4.04 
5 - 5 1  

12.15 
18.75 
21.58 
23.18 

1.203 

J232 at 2 ab 
koss  Section 

(9) 
Disintegration '. 

@;/Y 1 

$32 
I' I^ ct 'vity Ratio 

$32 111s :ntci,re Lion 

u233 Disintegration 
I_ 

10.lx10-5 

4 . 4 9 ~ 1 6 ~  
5. oxlo-2 
7 . 2 6 ~ 1 0 - ~  

I : .  15xlo-L 
6.92~10-' 
1.01 

a - "he a! activities listed are for U232 alone and do not include the daughter activities. 
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Table 5. 

Irradiation 
Time 

b y 4  

1.65 
3 025 
5 

17 
34 
53 

175 
355 
540 

3-03 RU 

Concentration 
(a towlkg  Th) 

Concentration 
(a+,oms/kg Th) 

11 l 0 42x10 
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The ~ o ~ c e ~ , ~ ~ ~ ~ ~ ~ ~  a d  ac-kivities listed in Table 4 were obtained by 
using a 2-mh CE-'QSB sectfan for the (n,2n> reaction. 

and ac%ivitiex f o r  other cro88 sections are simple multiples of those 
obtained for  2 mb. 

The concentrations 

Equations* used t o  cal.culate concentration and activity. The 
ctifferential equations involved in the formtion of u23* are 

and 

In order -to compare rj133 products produced at different g/t levels 

This fs done by de%emining the CI activikz ratio: 

or  by decay of isolated Pa233, it is  necessary t o  de%exmine the a activity 
due t o  U2328 

a ac&ivity ratio = ~~~~~~ - I I ?322%? 
'23 ' 2 3  

u232 decE%yS %O 8 Series 0 ad&mi-t;tr,ing dau&ters (Tab1.e 6 )  a half-  

l i f e  of 1.9, %he half-life of 

activities are equal %a half t h e i r  equilibrium value. After 10 years 

%he t o t a l  a: activity reaches 8. maximum OP 5.2 times the X.?32 activity 

at time of reactor discharge, or 5.9 -i;imes the $32 activity then present. 

Hence in l o g y  the daughter a 



With Noo8 = 0 and neglecting the half-lives of the rerminder sf the 
ser ies ,  the equation for the act ivi ty ,  A , of the daughter series as a 

8 
function o f  decay time a f t e r  discharge becomes 

Hucli.de H a l f  -life a (Mev) $ Decay by a: Emission 
I_ Y 

'loy 5 -33. 100 - 232 !T 

.&&224 3.64~1 5 A8 1.OQ 

Th228 LI. 0 9 5.40 3.00 

Rn220 

=2l2 io. 6h --- 

po212 10-%i 8 e '78 100 

55s 6 2 8  1QO 
0 e 15s 6 77 100 

6om 6.08 34 

216 Po 
0 

212 (%a> 

a 212 - Only 66$ of Pb2I2 formed i n  the chain reaches Po 

5.0 CALCULATIONS 

In  a l l  cases the exact solution t o  a given d i f f e ren t i a l  equation was 

used except for  those law values of 6 t  in which tize appraximate equ&%ioan 
was found t o  be accurate t o  within 1 percent. In mny cases in which the 
solution was very complex, the approximte equation wm more accurate for 
short  i r rad ia t ion  times since %he exact solukion usua.l>y involved sub- 
t rac t ion  of t,wo nmbers of approximtely %he same magnitude.. 

A l l  calculations  ere based on the cross sect ion and half-life values 
Lis ted  i n  See. 6.0.  

neutrons ;at room temperature. 
cordi-t-,ions and would give only approximafx? answers a% other temperatures 
for  which there are di f fe ren t  cross section valz~es. To obtain more e m c t  

The cross section values given arc those for themal. 

The curves -thus obtained apply on ly  to those 



answers a t  other conditions, the eqm-biom should be solved with the 
corrected cross-section values., In some cases it can be seen that the  

stwdard L/veloci$y. correc%io.n f'actor could be applied t o  t he  cross 
sections witheut a f fec t ing  more than one term o f  an equation. 

is the ease, concen%ra$ions a% differen% temperature conditions could 
If t h i s  

easily be cah~ined %~.OBJ the gPajphS W i t h  O&~.Y m4n0r cL%lCUlatiOnSa HOW- 
emr, far most eases, %he t.erms tha t  are affect-,& by cross-section 
changes are expcmen-tiale QL" %c.k;ors involving bath $I CTaszd A terns. 
these casea 2% probably would be easier t's solve the equation with the 
correc%ed cross-section value. 

zla 

In this study % h e m 1  flux arad thermal cross sections were used, 
and ne, corree%io~a %or resoaaaee was made since resomnce absorption 
varies with the type of reaeP;or. 
as a, correction factor applied to 6 LO include resonance eibsorption i n  
B2'' and should be wed where greater accwacy is desired- 

A131 calcula%ims were baaed. upon 1 kg of thorium, and %he amcxm't of 
thosirem was assumed to be a constant during the en%ire i r r ad ia t ion  period. 

The 2oEXowin.g equations were used: 

The tern fd i s  given i n  the equations 

For thox-t.iLun bumup, 

C;.Jo2 I 

No*- .__. = 
at 

For production of' rk?33 and 9 

(19 

629 
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For production of U234, assuming .f;'la4-, t h i s  isotope m s  produced 
by both capture of a neutmm by U233 and capture of a neutron by Pa 233 
followed by decay of the Pa 234 to $34, 

For production of fission products from U 233 , 
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234 For formation of Th , 

d"04 
d t  
I_.-- - '03' b03 - '04 '04 

Since h 
was used, 

is  much larger than fib or ro4, the approximate form 03 03 

235 For f o m t i o n  of U , 

Substituting the expression for N2& previously calculated (Eel- 8 )  
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where 

For formation of f i s s ion  products from $35, calculations were mde 
by using the  U235 curve over successive 30-day increments, according t o  
the scheme 

where NiZ5 i s  the average $35 concentration during time interval  

A t i  

Schemes similar t o  the above were used t o  calculate the formsetion of 
u t  236 ,237, and Np 237. U236 chain quant i t ies  were obtained i n  a manner 
s imilar  t o  that  used for fission products except t h a t  the U235 capture 
cross section was used. 
from the U236 chain qyant i t ies  . 
and Np237 calculations than i n  those for 
curves f o r  U237 and 

837 and Np237 formations were then calculated 
237 There a re  more inaccuracies i n  the  U 

and f i s s ion  products. The 

are probably within lo$ of ‘the analy t ica l  value. 
234 For Th234 decay, the a c t i v i t y  was determined froul the Th concen- 

The cooling period was t r a t i o n  corresponding t o  the various g/ t  l eve ls .  
decided as tha t  period required for  Th234 a c t i v i t y  t o  decay to lo9 d/m/kg 

~ h ,  or 100 c/m/mg a t  1 6  geometry. 
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Far J3u1O6 and Ru103 activities, calculations were made from the 
fission product cmcentsation cames by using the respective yields 

and integrating with respect t o  the decay function. The buildup is 

given by 

80 

The decay rate at the time o f  reactor discharge is given. by 

6 .O COMSMTS AKD DEFTZITION OF SYMBOLS 

The fol9ming eyrnboPe are used in t h i s  report: 

B =  
t =  

M =  
No = 

3‘ 5 

Y =  
T =  

R0 = 

02 = 

11 = 
3.3 = 

22 = 

23 = 

24 = 

25 = 
26 = 
27 = 

F P =  

f lux (n/crn2/sec 1 
time (sec) 

atoms of given nuclide formed 
atoms of given nuclide present initially 
atoms of given nuclide burned up 
fission yield of given fission product 

time of irradiation used to find extent of fission 
product decay 

activity at time of reactor discharge 
m232 

,231- 

233 Pa 
&!32 
$33 

$35 

,237 

$34 

.236 

fission products 



Table 7. --- C I W S S - S ~ C ~ ~ O X I  Values 

II P i s s  ion  

150 

55 

React ion 70 I 

Table 8 .  --.- Half-life V a h e s  

&34 $-- 0.2, 0.11; 'f 0.093 
&232 

Pa 233 
,234 a 

,233 a 4.82 
P34 a 4.76 
,235 a 4.2 - 4.6 

p- 0.33; y 0.05 - 0.96 

B- 0.58,0.48,0.27; y 0.1, 0.31 

@- 2.3; 7 0.8 

v232 a 5031 

,237 f3- 0.23; y 0.2, 0.06, 0.26 

p- 0.038 

Ru 10.3 
106 Ru 

0- 0.217; 7 0.498 

24. I d  
1.32a 
27.4d 
1.1.4111 

7oY 
5 1.62 x 10 y 

'7.1 x 10 y 

6.7a 
40d 
29M 

2.6 x LO 5 y 
8 

- a as UZ w i t h  a 6.7h half-life was not sidered. The 5'&34 
was assumed to be UX whe-bher formed by Yh@' decay o r  a, Pa- ( n , ~ )  
reaction. 2 



Wble 9. Decay Constant Values 

-1 -1 3.647 x 10 y i o 8  

22 A 

23 

-3 -1 
9.9 x 10 Y 

4028 x 10 y -4 -1 

-5 -1 x,103 1.2 x 10 m 

h LO6 1-64 x 10 m -6 -1 
RU 




