
OR NL/TM -6483 

Practical Consideration of Nuclear Fuel 
Spiking for Proliferation Deterrence 

J. E. Selle 
P. Angelini 
R. H. Rainey 
J. I .  Federer 
A. R. Olsen 



. 

1 
I National Technical information Service 

Printed in the United States of America. Available from 

U.S. Department of Ccrnmerce 

Price: Printed Copy $5.25; Microfiche $3.00 
5285 Port Royal Road, Springfield, Virginia 22161 

. . _ _ _ _ ~ ~ ~ _ _ _ _ _ _  

This report was prepared as an account of work sponsored by an agency of the United 
States Government Neither the United States Government nor any agency thereof, nor 
any of their employees, contractors, subcontractors, or their employees, makes any 
warranty, express or implied. nor assumes any legal liability or responsibility for any 
third party's use or the results of such use of any information, apparatus, product or 
process disclosed in this report, nor represents that its use by such third party would 
not.infringe privately owned rights 

- __-I-__ 

- , , i I_.._ ---,- 



ORNL/TM-6483 
D i s t r i b u t i o n  Ca tegor i e s  
UC-77, UC-79b, - c ,  
-d, -e, UC-83 

C o n t r a c t  No. W-7405-eng-26 

METALS AND CERAMICS DIVISION 

HTGR FUEL RECYCLE DEVELOPMENT PROGRAM (189a OH0451 

S t u d i e s  and Analyses  - Task 100 

PRACTICAL CONSIDERATION OF NUCLEAR FUEL SPIKING 
F OR PROL IFERAT I ON DE TERRE NC E 

J .  E. Sel le ,  P. Ange l in i ,  R. H. Rainey,  
J. I. F e d e r e r ,  and A. R. Olsen 

October 1978 

NOTICE This document contains information of a preliminary nature. 
It is subject to revision or correction and therefore does not represent a 
final report. 

OAK RIDGE NATIONAL LABORATORY 
Oak Ridge,  Tennessee 37830 

o p e r a t e d  by 
U N I O N  CARBIDE CORPORATION 

f o r  t h e  
DEPARTMENT OF ENERGY 





CONTENTS 

ABSTKACT. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 

INTKODUCTION . . . . 2 

SPIKANT SELECTION . . . . . . . . . . . . . . . . . . . . . . . . .  2 

F i s s i o n  Product  S p i k a n t s  . . . . . . . . . . . . . . . . . . .  10 

P o t e n t i a l  Sp ikan t s  Produced by Other  Product ion Methods . . . .  11 

Dose Rates  A v a i l a b l e  from F i s s i o n  Product Sp ikan t s  
1(%u and 1 4 4 ~ e  . . . . . . . . . . . . . . . . . . . . . . . .  14 

Determinat ion of t h e  Amount of  59C0 Required t o  
Produce 6oCo . . . . . . . . . . . . . . . . . . . . . . . . .  17 

REPROCESSING . . . . . . . . . . . . . . . . . . . . . . . . . . . .  13 

F i s s i o n  Product  Buildup . . . . . . . . . . . . . . . . . . . .  19 

Duplex Sp ikan t  Reprocessing . . . . . . . . . . . . . . . . . .  20 

EFFECTS OF SPIKANTS ON FUEL PKOPERTIES . . . . . . . . . . . . . . .  23 

M e l t i n g P o i n t  . . . . . . . . . . . . . . . . . . . . . . . . .  23 

Thermal P r o p e r t i e s  . . . . . . . . . . . . . . . . . . . . . .  25 

Mechanical P r o p e r t i e s  . . . . . . . . . . . . . . . . . . . . .  26 

S i n t e r a b i l i t y  . . . . . . . . . . . . . . . . . . . . . . . . .  27 

Pfethods of Adding S p i k a n t s  t o  F u e l s  . . . . . . . . . . . . . .  28 

SLPlMARY AND CONCLUSIONS . . . . . . . . . . . . . . . . . . . . . .  29 

ACKNOWLEDGMENTS . 30 

KEFEKENCES . . . . . 30 

APPENDIX . . . 34 

iii 





PRACTICAL CONSIDERATION OF NUCLEAR FUEL SPIKING 
FOR PROLIFERATION DETERRENCE 

J. E. S e l l e ,  P. Ange l in i ,  R. H. Rainey,* 
J. I. Fede re r ,  and A. R. Olsen 

ABSTRACT 

The use  of  a gamma a c t i v e  r a d i o n u c l i d e  wi th  nuc lea r  f u e l  
h a s  been proposed as a way t o  i n h i b i t  unauthorized d i v e r s i o n  
o f  t h e  f u e l  and thus  provide  p r o l i f e r a t i o n  de te r r ence .  
Proposed dose ra te  ranges  have v a r i e d  from small a d d i t i o n s  t o  
i n c r e a s e  d e t e c t a b i l i t y  of  d i v e r t e d  material up t o  l a r g e  addi- 
t i o n s  t o  provide  l e t h a l  doses  i n  a r e l a t i v e l y  s h o r t  exposure 
t i m e .  The purpose of  t h i s  r e p o r t  i s  t o  examine some of t h e  
p r a c t i c a l  a s p e c t s  of i n c o r p o r a t i n g  s p i k a n t s  i n t o  nuc lea r  f u e l  
i n  a n  a t t empt  t o  i d e n t i f y  any  adverse  consequences of t h e i r  
use .  

o f  some somewhat a r b i t r a r y  r a d i a t i o n  cr i ter ia  t o  64 candida te  
s p i k a n t s  fol lowed by a n  a n a l y s i s  of t h e  chemical  and phys ica l  
s t a t e  of  each  p o t e n t i a l  s p i k a n t .  A s  a r e s u l t  of t h i s  a n a l  s is  
t h e  l i s t  of  c a n d i d a t e s  w a s  narrowed t o  60C0, 106R1.1, and 14'&e. 
Fol lowing t h i s ,  w e  i n v e s t i g a t e d  t h e  p r a c t i c a l  a s p e c t s  of t h e  
u s e  of  t h e s e  t h r e e  s p i k a n t s  i n  n u c l e a r  f u e l .  Among t h e  s u b j e c t s  
cons ide red  are: dose rates a v a i l a b l e  from f u e l  e lements ,  f i s s i o n  
product  bu i ldup ,  chemical  behavior  of s p i k a n t s  dur ing  reprocess-  
i n g ,  and p o s s i b l e  e f f e c t s  of  s p i k a n t s  on r e f a b r i c a t i o n  and on the  
f u e l  p r o p e r t i e s .  

Ne i the r  of t h e  f i s s i o n  product  s p i k a n t s  lo6Ru o r  144Ce 
i s  p r e s e n t  i n  s u f f i c i e n t  q u a n t i t y  t o  produce t h e  m a x i m u m  
r a d i a t i o n  dose ra te  l e v e l  cons idered .  Nonradioac t ive  n u c l i d e s  
o f  ruthenium and cerium d i l u t e  t h e  r a d i o a c t i v e  n u c l i d e s  t o  
2 4 %  of t h e  t o t a l  element i n  t h e  f i s s i o n  products  two yea r s  
a f t e r  removal from t h e  r e a c t o r .  Recycl ing ruthenium and cerium 
w i l l  r e s u l t  i n  d i l u t i o n  of t h e  r a d i o n u c l i d e s  even f u r t h e r  by a 
bu i ldup  of  s t a b l e  i s o t o p e s  of each  of t h e s e  elements .  Approxi- 
ma te ly  50% of t h e  f i s s i o n  product  ruthenium and 3 5 %  of t h e  
cerium can be co-processed wi th  t h e  f u e l ,  whi le  c o b a l t  cannot  be 
co-processed a t  a l l .  

No s i n g l e  r a d i o n u c l i d e  was found t o  be p r e f e r r e d  i n  a l l  
s t a g e s  of  r ep rocess ing  and r e f a b r i c a t i o n .  I n  o r d e r  t o  provide  
d e t e r r e n c e  i n  a l l  s t a g e s  of r ep rocess ing  and r e f a b r i c a t i o n ,  a 
duplex  s p i k i n g  process  appears  necessary ,  i n  which two d i f f e r e n t  
s p i k a n t s ,  lo6Ru and 6oCo, are used i n  d i f f e r e n t  p o r t i o n s  of 
r ep rocess ing .  The use  of  nominal amounts of ruthenium o r  c o b a l t  
a s  s p i k a n t s  i s  no t  expected t o  a d v e r s e l y  a f f e c t  f u e l  performance. 

S e l e c t i o n  of p o t e n t i a l  s p i k a n t s  was made by t h e  a p p l i c a t i o n  

*Chemical Technology Divis ion .  
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INTRODUCTION 

The use of a gamma a c t i v e  r ad ionuc l ide  w th  nuc lea r  f u e l  has  been 

proposed as a way t o  i n h i b i t  unauthor ized  d i v e r s i o n  of t h e  f u e l  and 

t.hus d e t e r  p r o l i f e r a t i o n .  Proposed dose rate ranges have v a r i e d  from 

s m a l l  a d d i t i o n s  t o  i n c r e a s e  d e t e c t a b i l i t y  of d i v e r t e d  material up t o  

l a r g e  a d d i t i o n s  t o  provide  l e t h a l  doses  i n  a r e l a t i v e l y  s h o r t  exposure 

t: irne. 

Earlier work1 provided a d e t a i l e d  d i s c u s s i o n  of t h e  process  of 

s p i k a n t  s e l e c t i o n  based on r a d i a t i o n  c h a r a c t e r i s t i c s  and p o s s i b l e  chemi- 

ca l  and phys ica l  states. The r e s u l t s  of t h i s  phase of t h e  s e l e c t i o n  

p rocess  are summarized i n  t h e  p re sen t  work and have been extended t o  

(consider  t h e  pract ical  a s p e c t s  of i n c o r p o r a t i n g  the  s p i k a n t s  i n t o  the  

f u e l  cyc le .  These a s p e c t s  inc lude  s p i k a n t  p roduc t ion ,  dose rates 

a v a i l a b l e  from s p e n t  f u e l ,  s p i k a n t  behavior  i n  t h e  r ep rocess ing ,  conver- 

s i o n ,  and r e f a b r i c a t i o n  p o r t i o n s  of t h e  f u e l  c y c l e ,  and p o s s i b l e  e f f e c t s  

on. f u e l  performance. 

S e l e c t i o n  of a dose ra te  t h a t  i s  h i g h  enough t o  d i scourage  e i t h e r  

t e r r o r i s t  a c t i v i t y  o r  n a t i o n a l  p r o l i f e r a t i o n  is beyond t h e  scope of t h i s  

paiper as are p o s s i b l e  l e g a l  c o n f l i c t s ,  such  as might develop between t h e  

d e l i b e r a t e  a d d i t i o n  of s p i k a n t s  and t h e  c u r r e n t  U.S. Federa l  l a w  and 

r e g u l a t i o n ,  which now r e q u i r e s  t h a t  worker and p u b l i c  exposure r i s k  be 

h e l d  as low as reasonably  ach ievab le .  Pract ical  c o n s i d e r a t i o n s  of t h e  

economics of  remote f a b r i c a t i o n  and o t h e r  f u e l  c y c l e  components are not  

d i scussed .  

SPIKANT SELECTION 

S e l e c t i o n  of s p i k a n t s  f o r  d e t e r r e n c e  i s  l a r g e l y  a s u b j e c t i v e  

p r o c e s s ,  which invo lves  t h e  a p p l i c a t i o n  of r a t h e r  a r b i t r a r y  r a d i a t i o n  

c r i t e r i a  t o  a v a i l a b l e  r ad ionuc l ides .  Details  of t h e  s e l e c t i o n  proce- 

du re  are desc r ibed  i n  d e t a i l  i n  r e f  1 and w i l l  not  be repea ted  here .  



We analyzed 64 r ad ionuc l ides  t o  produce a l ist  of pr imary sp ikan t  

cand ida te s .  P e r t i n e n t  d a t a  on t h e s e  n u c l i d e s  and t h e  c r i te r ia  f o r  

r e j e c t i n g  most of them as p o t e n t i a l  s p i k a n t s  are g iven  i n  t h e  Appendix. 

Cons ide ra t ions  of h a l f - l i f e ,  g a m a  r a y  energy,  gamma r a y  i n t e n s i t y ,  

and product ion  method were used t o  develop a l i s t  of pr imary s p i k a n t  can- 

d i d a t e s  g iven  i n  Table  1. Nucl ides  were inc luded  i n  Table 1 on t h e  b a s i s  

o f  u s e f u l  r a d i a t i o n  c h a r a c t e r i s t i c s  and reasonable  product ion  rates only ,  

and no c o n s i d e r a t i o n  w a s  g iven  t o  phys i ca l  p r o p e r t i e s  such as me l t ing  

p o i n t  and b o i l i n g  po in t  o r  t o  thermodynamic p r o p e r t i e s .  Inc luded  i n  t h i s  

t a b l e  i s  t h e  c o n c e n t r a t i o n  of t h e  nuc l ide  r equ i r ed  f o r  a n  LWR f u e l  ele- 

ment (Q530 kg heavy metal t o  produce 27,000 R/h a t  0.30 m ( 1  f t )  two 

y e a r s  a f t e r  f a b r i c a t i o n .  Th i s  dose rate w i l l  p rovide  a 50% p r o b a b i l i t y  

o f  dea th  a f t e r  1 min of exposure.  These va lues  are f o r  t h e  r ad ionuc l ide  

o n l y  and do n o t  i nc lude  o t h e r  i s o t o p e s  of t h e  same element .  The re fo re ,  

a c t u a l  e lementa l  c o n c e n t r a t i o n s  w i l l  be much h ighe r .  

A l l  d i s c u s s i o n s  concerning t h e  c o n c e n t r a t i o n s  of r a d i o a c t i v e  spi-  

k a n t s  are based on t h e  c r i t e r i o n  of a r a d i a t i o n  dose r a t e  of 27,000 R/h 

a t  0.30 m (1 f t )  from a f u e l  element c o n t a i n i n g  530 kg U02. 

o f  o t h e r  c r i t e r i a  r e s u l t  i n  d i f f e r e n t  s p i k a n t  c o n c e n t r a t i o n s  needed t o  

produce t h e  s t i p u l a t e d  r a d i a t i o n  dose rate l e v e l .  Th i s  i s  shown i n  

Tab le  2, which g i v e s  t h e  concen t r a t ions  of 6oCo, lo6Ru, and 144Ce 

r e q u i r e d  t o  produce 1000 R/h a t  v a r i o u s  d i s t a n c e s  and f u e l  q u a n t i t i e s .  

The t a b l e  shows t h a t  t h e  dose ra te  used i n  t h i s  work, 27,000 R/h a t  

0.30 m ( 1  f t )  from a n  LWR f u e l  element con ta in ing  530 kg f u e l ,  i s  not  

unreasonable  compared wi th  o t h e r  p o s s i b l e  s e l e c t i o n  cr i ter ia .  I n  f a c t  

t h e  c r i t e r i o n  used throughout  t h i s  r e p o r t  r e q u i r e s  o n l y  about  one-sixth 

t h e  s p i k a n t  r e q u i r e d  t o  produce 1000 R/hr a t  1.0 m from a 5-kg s p h e r i c a l  

sou rce  . 

The use  

Thermodynamic d a t a 2  are summarized i n  Fig.  1 , * s 3  which g i v e s  t h e  

f r e e  energy of  format ion  f o r  t he  ox ides  of t h e  p o t e n t i a l  s p i k a n t s  and 

t h e i r  decay products  l i s t e d  i n  Table  3. Superimposed on t h i s  f i g u r e  

a r e  d a t a  f o r  t h e  oxygen p o t e n t i a l  of v a r i o u s  uranium-plutonium f u e l s .  

Oxides of rhodium (Rh2O3), praseodymium (Pr2O3), and i r id ium ( I r203)  



4 

u 
C

S
 m

 
o\ 

b
 

.rl !x
 

4
 

u
a

,
 

$
4

0
 

u
o

N
X

 
m

o
w

-
 

E L
 II 

2- 
u
 

V
 

0
$

4
 

u
o

u
 

w
m

 

u
 

C $ 4 
W

 

n
 

< E -e
 

n
 

b
T

 r. 

0
 

r
l 

II 

O
D

 
u
 

o
m

 

V
 

m
 

IC
 0
 

0
 

0
 

0
 

m
 

.rl 
z
 

0
 

10 h
 

ul 
N

 

In
 0
 

V
 

0
 

10 

L
I 

$ E 4 
W

 

U
 

V
 
7
 
a
 

0
 

a
 

C 0
 

.rl 
m

 
m

 
.rl 
FZI 

Om
 

-3
 

0
 

0
 

m
 

a
 

a
 

ID
 

0
 

3
 

a
 

r. 
ul 
m

 

3
 

E
 

Lo 
0
 
i
 

h
 

-0
 

V
 

a
 

e
 3
 

v
 

4
 

h
 

U
 

-4
 

m
 

C e 

.
.
I
 

u
 

.rl 

g rl u
 C z 4 W
 

n
 

F
 

2 
V

 
h
 

M
 

ul 

m
 

.3
 

M
 

4
 

m
 

v
 

0
 

3
 

t
.

 
m

 
0
 

0
 

0
 

a
 

V
 

0
 

- 3
 

a
 

u? 
c\l 

m
 

2 
E 
0
 

3
 

4
 

n
 

.- a, 
a,@ 
w

-
 

4
 e
 

4
v

1
 

I
W

 
W

 
.
-
l
a
 

4
a

 
c
 zg 

$
 0
4

 

u
 

C 

4
 

W
 

n
 

+
 

c' 
n

e
 

M
 

m
m

 
N

m
 

.3
 

v
 

11 
e
 

rn
t, 

V
 

.
.

 

m
 

N
 

3
 

m
 

m
 

0
 

a, 
w
 

f
 

N
 

3
 

T
I 

0
 

ul 

e
 

rn 
f
 

N
 

3
 

h
 

u
 

.rl 
m

 
C a, 
u
 

e 
.rl 

r
l 

a, 
a
 

.rl X
 

0
 

u
 V
 
3
 
a
 

$4 
a
 C 

.rl 
II] 
m

 
.rl 
FZI 

w
N
 

N
 

-3
 

0
 

T
I 
z
 

f
 
f
 

3
 

a
 

-3
 

0
1
 

m
 a, 

V
 

f
 
f
 
4
 

u
 

C g 4
 

W
 

m
 

3
 

-3
 

m
 

0
 

U
 

a
 

f
 

m
 

3
 h
 

0
 

\D
 

m
 
0
 

f
 

m
 

3
 

m
 

$4 
0
 

U
 

V
 

4
 

a, 

$4 
w

 
4
 

rd > 0
 

$4 

M 
u
 

w
 ld 

m
 

$4 
rd h
 

N
 

3
 

E
 

E 10 
0
 

3
 m

 

.rl 
u
 

0
 

In
 

m
 

r
l 
m 7 CT 
a, 

B 5 5 
.rl C 7
 

M 
d
 

m u 0
 

$4 
0
 

u
 

U
 

m a, 

w
 

4
 

m > E M M a, 
U

 
w

 m m
 

$4 
m a, h 
N

 

a, 
V
 

f
 
f
 

3
 m

 
B .rl 
u
 

r.
 
m

 

m
 

d
 

m 3
 
U
 

a, 

5 .rl 
$4 
a, 
U

 

d
 

ld
 
u
 

0
 



5 

Table 2 .  Nuclide Concentrations Required to Produce Various 
Dose Rates at Various Distances and Fuel Quantities 

Concentration for Each Condition, % 

27,000 R/h 1000 R/h 1000 R/h 1000 R/h at 0.30 m at 1.00 m at 0.30 m at 0.30 m 

530 kg Spherical Spherical Spherical 

Nuclide 
5 kg 1 kg 5 kg Fuel Element, 

6 oco 0.0030 0.0195 0.0098 0.0022 

lo6Ru 0.0343 0 .22  0.1114 0.0251 

l44ce 0.422 2.715 1.372 0.3087 

-4200 ' I 
2000 2500 500 1000 4 500 

TEMPERATURE (K) 

Fig. 1. Thermodynamic Data for Potential Spikants and Decay Products. 
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Table  3 .  Melt ing  and B o i l i n g  P o i n t s  of Various Spikant  Elements 
and The i r  Decay Products  i n  Elemental  and 

Oxide Form and Probable  S t a t e  

- 
Element Property, "C Oxide Property,b OC 

Probable Oxide 
Melting Boiling Forma Melting Boiling 
Point Point Point Point 

- 
Sp ikan ts 

sc 15 39 2730 sc203 sc203 (2227)  e 
co 1495 2900 Metal coo 1805 ( 2 6 2 7 )  
Zn 420 906 Metal ZnO 1975 
Ru 2500 4900 Metal Ru02 1127c 

Rh 1966 4500 Metal Rh2O3 1115c 
Ag 96 1 2210 Metal Ag20 187c 
Sb 6 30 1380 Metal Sb2° 3 655 1425 
Ce 804 3470 Ce02 Ce2O3 1687 ( 3 2 2 7 )  

Pr 919 3020 Pr203 Pr203 ( 1 9 2 7 )  

os %2 700 -4900 Metal os02 65OC 
Ir 2454 5 500 Metal Ir203 (1177)  (1977)  

RuO 4 27 e 

Ce02 2727 

Pro2 427c 

Decay Products 
Ti 1668 3260 Ti0 Ti0 1737c 

Ti203 2127 3027 
Ti305 (2177)  (3327)  

Ni 1435 27 30 Metal NiO 1957 c 
cu 1083 2593 Metal cu20 1230 e 
Pd 1552 39 80 Metal PdO 877c 
Cd 321 795 CdO e 
Te 450 990 Metal Te02 733 e 

Nd 1019 3180 Nd203 Nd203 2272 
Pt 1769 4530 Metal PtO 50 7e  

vapor 

Pt02 450 477c 

a 

bValues in parentheses are estimated. 
e 

Assumes fuel oxygen-to-metal ratio of 1.998 or less. 

Decomposes. 
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are inc luded  i n  Fig.  1 because these  elements  would be p re sen t  as t ran-  

s i e n t s  i n  t h e  s p i k a n t s  lo6Ru, 144Ce ,  and 1940s wi th  t h e  fo l lowing  

decay schemes: 

30 s lo6Rh ---+ 
B- 

06Pd 

' 4 4 C e  - 284 d 1 4 4 p r  1 7  m 144Nd 
B- B- 

1 9 4 0 s  6 .0  Y+ 1941r  1 7  h ~ 1 9 4 P t  

6- B- 

Although rhodium, praseodymium, and i r i d i u m  should b e  p r e s e n t  on ly  i n  

small  amounts, t h e y  are inc luded  t o  provide  a complete a n a l y s i s  of a l l  

p o s s i b l e  c o n s t i t u e n t s  i n  fue l - sp ikant  systems. 

I n  t h e  presence  of ( U , P U ) O ~ - ~ ,  t h e  compounds T i O ,  Sc2O3, Ce2O3, 

Ce02, Pr2O3, and Nd2O3 are s t a b l e ,  whi le  a l l  t h e  o t h e r  ox ides  are 

u n s t a b l e .  For  (U,Pu)02.0, ZnO i s  s t a b l e  below about  1300 K, whi le  

above t h i s  tempera ture  z i n c  i s  p resen t  i n  t h e  e l emen ta l  (vapor ized)  

form. A s  t h e  c a t i o n  va lence  of t h e  f u e l  i n c r e a s e s ,  COO, N i O ,  Sb2O3, 

and CdO become s t a b l e  below about  1100 K, f o r  a va lence  of 4.002. A s  

t h e  f u e l  va l ence  i n c r e a s e s ,  t h e  tempera ture  of s t a b i l i t y  a l s o  inc reases .  

Thus,  as uranium and plutonium are f i s s i o n e d  and oxygen is  r e l e a s e d  from 

t h e  f u e l ,  t h e  oxygen-to-metal r a t i o  w i l l  i n c r e a s e ,  and c e r t a i n  oxides  

c a n  become s t a b l e  a t  lower tempera tures .  However, t h e  tempera ture  range 

o f  s t a b i l i t y  i s  too  low t o  be u s e f u l  f o r  s t a b i l i z i n g  v o l a t i l e  e lements  

such  as z i n c  and antimony. 

Mel t ing  and b o i l i n g  p o i n t  da t a2s4  f o r  t h e  e lements  under considera-  

t i o n  and t h e i r  ox ides  are summarized i n  Table 3. Also g iven  i n  Table 3 

i s  t h e  probable  form of each  s p i k a n t  and i t s  decay product ,  based on t h e  

in fo rma t ion  g iven  i n  Fig.  1. 

S p i k a n t s  t h a t  would be p re sen t  as ox ides  are 46Sc and 144Ce(Pr).  

The decay products  of  t h e s e  n u c l i d e s  are t i t a n i u m  and neodymium, respec- 

t i v e l y ,  which would a l s o  be p re sen t  as oxides .  Cerium and neodymium 

should  be s o l u b l e  i n  t h e  f u e l  and t h u s  should be i n d i s t i n g u i s h a b l e  from 

t h e  f u e l  mat r ix .  Scandium and t i t a n i u m  may no t  be comple te ly  s o l u b l e  

and  may appear  as second-phase oxides .  
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The p o t e n t i a l  sp ikan t  65Zn would v o l a t i l i z e  a t  tempera tures  above 

9015~C and mig ra t e  t o  c o l d e r  p o r t i o n s  of t h e  f u e l  p in .  A t  t empera tures  

between 420 and 906OC z i n c  i s  i n  t h e  l i q u i d  s ta te ,  i n  which i t  has  been 

shown5 t o  be v e r y  c o r r o s i v e .  Th i s  makes z i n c  undes i r ab le  as a s p i k a n t .  

Decay products  cadmium and t e l l u r i u m  vapor i ze  a t  765 and 990°C, respec-  

t i v e l y ,  and would a l s o  migra te  t o  c o o l e r  p o r t i o n s  of t h e  f u e l  p i n ,  caus ing  

s e v e r e  c o r r o s i o n  problems. Thus, t h e  s p i k a n t s  llomAg and 124Sb are a l s o  

cons ide red  t o  be undes i r ab le .  Antimony i t s e l f  i s  v o l a t i l e  above 138OOC. 

The remaining s p i k a n t s  60C0, lo6Ru, and 1840s would a l s o  be p re sen t  

i n  t h e  e l emen ta l  form and would form a second phase i n  t h e  g r a i n  boundaries  

of  t h e  columnar g r a i n  r eg ion  o r  i n  t h e  c e n t r a l  void.  I n  l a t e r  s t a g e s  of 

burnup t h e s e  e lements  would form a homogeneous a l l o y  wi th  f i s s i o n  pro- 

d u c t s  such as rhodium, pal ladium, and molybdenum. The decay products  

ni lckel ,  pal ladium, and plat inum would behave s i m i l a r l y .  

The a n a l y s i s  i s  summarized i n  Table 4 ,  which l i s t s  t h e  p o t e n t i a l  

problems of  t h e  v a r i o u s  decay schemes. Even though scandium should ex is t  

a s  t h e  oxide  ( S C ~ O ~ ) ,  t h e  h a l f - l i f e  of 46Sc i s  r a t h e r  s h o r t  (83.9 d ) ,  

which dec reases  t h e  va lue  of t h i s  n u c l i d e  as a sp ikan t .  

Because t h e  i n t e n s i t y  of t h e  gamma r a d i a t i o n  provided by 1940s 

i s  q u i t e  low, 0.84% of t h e  n u c l i d e  i s  r equ i r ed  t o  provide  t h e  s t i pu -  

l a t e d  r a d i a t i o n  l e v e l .  Th i s  n u c l i d e  can be produced by t h e  fo l lowing  

r e a c t  i o n s  : 

I q 2 O s  ( 4 1 % )  + ln + 1930s + y (a = 1 b ,  1 x m2) 

lg30s (31-h h a l f - l i f e )  + ln -+ 1q40s  + y (a = 2000 b ,  2 x m2) 

The e f f i c i e n c y  of t h e s e  r e a c t i o n s  f o r  producing 1940s can be 

exlpected t o  be l o w  s i n c e  two ( n , y )  r e a c t i o n s  are  r e q u i r e d ,  which n o t  

o n l y  raises t h e  c o s t  of product ion  but  r e s u l t s  i n  a low n u c l i d e  con- 

c e n t r a t i o n .  

ias 10% t h e  t o t a l  osmium con ten t  of t h e  f u e l  ma t r ix  would be a t  least 8%. 

T h i s  i s  cons idered  e x c e s s i v e ,  p a r t i c u l a r l y  when i t  would be p re sen t  as 

Even i f  t h e  1940s i s o t o p i c  c o n c e n t r a t i o n  would be as h igh  
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Table 4 .  Summary Ana lys i s  of Primary Spikant  Candidates  

Decay Probable Nucl ide Product  Form P o t e n t i a l  Problems 

sc 

co  

Zn 

Ru( Rh) 

Ag 

Sb 

Ce(Pr> 

Os( I r )  

T i  

N i  

c u  

Pd 

Cd 

T e  

Nd 

P t  

Oxide Shor t  h a l f - l i f e  
Oxide 
Metal 
Metal 
Metal V o l a t i l e ,  c o r r o s i v e  l i q u i d  
Metal 
Metal 
Metal 
Metal 
Metal V o l a t i l e ,  c o r r o s i v e  l i q u i d  
Metal V o l a t i l e ,  s h o r t  h a l f - l i f e  
Metal V o l a t i l e ,  c o r r o s i v e  l i q u i d  
Oxide 
Oxide 
Metal Low-intensi t y gammas 
Metal 

t h e  metal ,  d i s p e r s e d  i n  t h e  f u e l  ma t r ix ,  p robab ly  a t  t h e  g r a i n  bound- 

a r ies .  

s i d e r a t i o n  f o r  t h e  s t i p u l a t e d  r a d i a t i o n  l e v e l .  

For t h i s  reason 1940s can be e l i m i n a t e d  from f u r t h e r  con- 

Cons ide ra t ion  of t h e s e  f a c t o r s  narrows t h e  l i s t  of primary can- 

d i d a t e s  t o  6oCo, lo6Ru, and 144 C e .  

p r e s e n t  as t h e  ox ide ,  s o l u b l e  i n  t h e  f u e l .  Cobal t  and ruthenium would 

be  p r e s e n t  i n  t h e  e l emen ta l  form, as s e p a r a t e  phase metal l ic  p a r t i c l e s  

d i s p e r s e d  i n  t h e  f u e l  matrix. Cerium and ruthenium have t h e  advantage 

t h a t  t h e y  are  p r e s e n t  as f i s s i o n  p roduc t s  i n  t h e  spen t  f u e l ,  so  t h a t  i t  

would no t  be necessa ry  t o  s e t  up a s e p a r a t e  f a c i l i t y  t o  produce t h e  

n u c l i d e s  by i r r a d i a t i o n .  However, r ep rocess ing  schemes would have t o  

be a l t e r e d  t o  s e p a r a t e  t h e  cerium and ruthenium from o t h e r  f i s s i o n  

p roduc t s  . 

Of t h e s e ,  on ly  cerium would be 

Phase r e l a t i o n s h i p s  between s t o i c h i o m e t r i c  Pu02, Tho2 and U 0 2  show 

complete s o l i d  s o l u b i l i t y  i n  t h e  b i n a r y   system^.^,^ 
ex tend  t o  t h e  t e r n a r y  system as w e l l ,  a l t hough  no t e r n a r y  diagram w a s  

found i n  t h e  l i t e r a t u r e .  Large d e v i a t i o n s  from s t o i c h i o m e t r y  occur i n  

bo th  t h e  Pu-0 and U-0 systems,  w i th  t h e  s i n g l e  phase s t i l l  maintained. 

Th i s  should 
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9-1 1 However, t h e s e  d e v i a t i o n s  occur  i n  o p p o s i t e  d i r e c t i o n s ,  namely, PuO2-, 

and UO2*.l2 

between P U O ~ - ~  and U02+cc. 

A wide range  of s ing le-phase  s o l i d  s o l u t i o n  e x i s t s 1 3 , 1 4  

S l i g h t  subs to i ch iomet ry  i s  poss ib l e15  i n  the  Th-0 s y s t e m  a t  t e m -  

p e r a t u r e s  above 1500°C. However, subs to ich iometry  has  not  been r epor t ed  

:in t h e  Th-U-0 system. Devia t ions  from s to i ch iomet ry  i n  t h i s  system are 

toward hype r s to i ch iomet r i c  composi t ions ,  M02*. 

t h e  P U O ~ - ~ - T ~ O ~  system. 

No d a t a  were found on 

Table  5 summarizes t h e  phase r e l a t i o n s h i p s  f o r  t h e  va r ious  s p i k a n t s  

and decay p roduc t s  w i t h  Pu02, Tho2 and U 0 2 .  

found between f u e l  c o n s t i t u e n t s  and t h e  rare e a r t h  oxides  Ce02, Pro,, and 

Nd2O3. 

o r  t h e i r  ox ides .  

Extens ive  s o l u b i l i t y  i s  

No s o l u b i l i t y  d a t a  were r epor t ed  f o r  c o b a l t ,  n i c k e l ,  ruthenium 

Tabel  5. Summary of Phase Re la t ionsh ips  Between P o t e n t i a l  
S p i k a n t s  o r  Decay Products  and Fuel  Components 

S p i  kan t Ref .  Observat ion 

Ce02 16 Soluble  i n  a l l  p ropor t ions  wi th  Pu02 
Soluble  i n  a l l  p ropor t ions  wi th  Tho2 1 7-1 9 

2&22 Soluble  i n  a l l  p ropor t ions  wi th  U 0 2  
Prox 2 2  Complete s o l u b i l i t y  wi th  Tho2 
coo 24 CoU206 formed wi th  U 0 2  
Nd203 25 Soluble  i n  Th02: about  35 mol % a t  1400°C, 

26-29 Extens ive  s o l u b i l i t y  i n  U02 

d a t a  r epor t ed  

<40 mol % a t  2200°C 

N i O  30 Compounds formed wi th  U02; no s o l u b i l i t y  

Ru02 No informat ion  a v a i l a b l e  

F i s s i o n  Product Spikants  

P o t e n t i a l  s p i k a n t s  d e r i v a b l e  from f i s s i o n  products  are compiled i n  

Table  6. 

e l i m i n a t e d  from f u r t h e r  c o n s i d e r a t i o n  on t h e  b a s i s  of t h e i r  s h o r t  ha l f -  

.Lives. 

p r e s s u r e s  of bo th  antimony and t h e  decay product  t e l l u r i u m ,  and 137Cs 

Of t h e  n u c l i d e s  i n  t h i s  t a b l e ,  95Nb, 9 5 Z r ,  and lo3Ru can be 

The n u c l i d e  125Sb i s  undes i r ab le  because of t h e  h igh  vapor 
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Table  6. Summary of A l l  P o t e n t i a l  F i s s i o n  Product  Sp ikan t s  

C o n c e n t r a t i o n  
Decay H a l f  - f o r  27 ,000  R/h Cri ter ia  f o r  P o s s i b l e  Rad i o n u c  1 i d  e 

P r o d u c t  L i f e  A f t e r  2 Years 

'Kr 

'Nb 

9 5 ~ r  J- 
5Nb 

' 3Ru 

l o 6 R u  4 ' 6Rh 

' 'Sb 

' 3 7 c s  

' 4 4 ~ e  J- ' " ~ r  

5Rb 

5 ~ 0  

' 3Rh 

l o 6 P d  

' 'Te 

' 3 7 B a  

4Nd 

1 0 . 7 6  y 

35 d 

6 5  d 
35 d 

39.6 d 

367 d 
30 s 

2.7 y 

30.0 y 

284 d 
1 7  m 

0 . 0 8 2 5  

370 

0 . 5 9  

135 

0 . 0 3 4 3  

0 .0220 

0 . 1 2 5  

0 . 4 2 2  

Gaseous ;  low gamma 

S h o r t  h a l f - l i f e ;  low 

S h o r t  h a l f - l i f e ;  low 

S h o r t  h a l f - l i f e ;  low 

Low gamma i n t e n s i t y  

e n e r g y  

gamma e n e r g y  

gamma e n e r g y  

gamma e n e r g y  

Low gamma e n e r g y ;  
h igh  vapor p r e s s u r e  
(Sb and Te) 

Low gamma e n e r g y ;  low 
b o i l i n g  p o i n t  (Cs)  
c o r r o s i v e  

Low gamma i n t e n s i t y  

i s  u n d e s i r a b l e  because of i t s  low b o i l i n g  p o i n t  and co r ros iveness .  The 

i n e r t  g a s  n u c l i d e  85Kr  cannot  be inco rpora t ed  i n t o  the  f u e l ,  so i t  i s  

n o t  u s e f u l .  

T h i s  l e a v e s  o n l y  lo6Ru and 144Ce as p o t e n t i a l  cand ida te s ,  which 

s u b s t a n t i a t e s  t h e i r  i n c l u s i o n  i n  Table 1. 

P o t e n t i a l  Spikants  Produced by Other  Product ion  Methods 

P o t e n t i a l  s p i k a n t s  l i s t e d  i n  Tables  1 and 6 are those  t h a t  can be 

produced by (n ,y)  r e a c t i o n s  o r  are p r e s e n t  as f i s s i o n  p roduc t s .  Nucl ides  

produced by (n,2n) r e a c t i o n s  o r  by charged p a r t i c l e  ( a - p a r t i c l e  o r  

p ro ton )  i n t e r a c t i o n  wi th  s p e c i f i c  i s o t o p e s  were no t  inc luded  i n  t h e s e  

t a b l e s  because o f  t h e  i n e f f i c i e n c y  of product ion  and r e s u l t i n g  h i g h  c o s t  
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of  t h e s e  r ad ionuc l ides .  Radionucl ides  produced by t h e s e  r e a c t i o n s  would 

u s u a l l y  have t h e  advantage t h a t  t hey  can be chemica l ly  sepa ra t ed  from the  

t a r g e t  n u c l e i  so  t h a t  bu i ldup  of s t a b l e  n u c l i d e s  may not  be a problem. 

I f  w e  can assume t h a t  t h e  c o s t  of product ion  of s p i k a n t s  i s  not  a 

:Limiting f a c t o r ,  t h e  r ad ionuc l ides  l i s t e d  i n  Table 7 have p o t e n t i a l  f o r  

use as s p i k a n t s .  Arguments presented  ear l ie r  on t h e  vapor p r e s s u r e s  of 

e i t h e r  s p i k a n t s  o r  decay products  e l i m i n a t e  54Mn, 68Ge ,  and lg4Hg. The 

h a l f - l i f e  of 88Y o f  108 d i s  t o o  s h o r t  t o  be of use  as a s p i k a n t ,  and t h e  

h a l f - l i f e  of 184mRe of 169 d i s  marginal .  

The rare e a r t h  r ad ionuc l ides  143Pm, 144Pm, 146Pm, and 150Eu are 

t r i v a l e n t  e lements  and as such  would be ex t remely  d i f f i c u l t  t o  separate 

from f i s s i o n  product  rare e a r t h s ,  many of  which act  as neut ron  abso rbe r s .  

T h i s  o b j e c t i o n  a c t u a l l y  a p p l i e s  o n l y  t o  146Pm and 150Eu, s i n c e  t h e i r  h a l f -  

l i v e s  are long enough (5.5 and 6.2 y e a r s ,  r e s p e c t i v e l y )  that they  could 

be recyc led .  

about  58% of t h e  t o t a l  element i n  t h e  f i s s i o n  products  and t h e  I5OEu 

would be d i l u t e d  t o  about  38% of t h e  t o t a l  element i n  t h e  f i s s i o n  pro- 

d u c t s .  I n  a d d i t i o n ,  t h e  europium f i s s i o n  products  c o n t a i n  many n u c l i d e s  

w i t h  v e r y  h i g h  c r o s s  s e c t i o n s  f o r  thermal  neu t rons ,  so t h i s  op t ion  i s  

even less d e s i r a b l e .  

i s ;  8.4  E-25 m2, which i s  h igh  enough t o  i n t e r f e r e  wi th  the  f i s s i o n  

p rocess .  

r e l a t i v e l y  s h o r t  h a l f - l i v e s  of 267 and 401 d,  r e s p e c t i v e l y .  Assuming a 

4 , ,  4-year c y c l e  (2.4 y e a r s  i n  r e a c t o r  + 2 y e a r s  coo l  down and r e c y c l e ) ,  

most of t h e s e  n u c l i d e s  w i l l  decay ou t .  However, s e p a r a t i o n  from t h e  

rare e a r t h  t a r g e t  material w i l l  be ex t remely  d i f f i c u l t  so t h a t  d i l u t i o n  

of t h e  r a d i o n u c l i d e  wi th  t h e  t a r g e t  material is l i k e l y .  

I f  t h e y  would be r ecyc led ,  t h e  146Pm would be d i l u t e d  t o  

The c r o s s  s e c t i o n  f o r  thermal neut rons  f o r  146Pm 

Recycl ing of 143Pm and 144Pm is  not  p r a c t i c a l  because of t h e i r  

T h i s  l e a v e s  lo2Rh, 102mRh, and 172Hf as p o s s i b l e  cand ida te  s p i k a n t s .  

Tlhe l onge r  h a l f - l i v e s  of 102mRh and 172Hf of 2.1 and 5.0 y e a r s ,  respec- 

t i v e l y  make them a t t r a c t i v e .  

would be d i l u t e d  by rhodium f i s s i o n  products  t o  about 1.8% of t h e  t o t a l  

rhodium i n  t h e  f u e l .  i n t o  

t h e  f u e l ,  0.19% Rh would have t o  be added t o  t h e  f u e l .  Th i s  is no t  con- 

s i d e r e d  excess ive .  However, subsequent r e c y c l i n g  w i l l  i n c r e a s e  t h e  

A f t e r  t he  f i r s t  r e c y c l e  lo2Rh and 102mRh 

Thus, i n  o r d e r  t o  i n c o r p o r a t e  0.0034% 102mRh 



Table 7. Summary of Potential Spikants Produced by (n,2n) or Charged Parcicle Reactions 

Concent ra t ion  
Decay Half- f o r  27,000 R/h P o s s i b l e  Product ion  Criteria f o r  Poss ib l e  

Radionucl ide Product L i f e  Af t e r  2 Years M e  thodsa Re jec t ion  
(%) 

!+MrI 

68Ge  C 
68Ga 

8Y 

Io2Rh 

1 0  2mRh 

'43Pm 

4Pm 

1 4 6 ~ m  

'''ELI 

172Hf C 
72Lu 

1 8 4 m R e  C 
l E 4 R e  

lg4Au 
1 9 4 ~  C 

303 d 

275 d 
68 m 

108 d 

206 d 

2 . 1  y 

267 d 

401 d 

5.5 y 

6.2 y 

5 Y  
6.7 d 

0.0049 

0.0057 

0.0204 

0.022 

0.0034 

0.034 

0.0061 

0.0219 

0.0176 

0.0167 

Zn(28%) (a ,2n)  6 6  

Low gamma energy;  
h igh  vapor p re s su re  
(Mn) 

Low gamma i n t e n s i t y ;  
h igh  vapor p re s su re  
(Zn) 

Short  h a l f - l i f e  

Low gamma i n t e n s i t y  

Low gamma i n t e n s i t y  

Low gamma i n t e n s i t y  

Low gamma energy 

Low g a m a  i n t e n s i t y  

1 8 5  Re(37 . l%)(n ,2n)  Low gamma energy 169 d 0.050 
35 d 

39.5 h 

'W( 31%) ( p ,  n )  
Low g a m a  i n t e n s i t y ;  %1.3 y 0.045 197~u(100%) ( p , 4 n )  high  vapor p r e s s u r e  

(Hg) 

Target  nuc l ide ,  i t s  i s o t o p i c  abundance, and product ion  r e a c t i o n .  a 
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;amount r e q u i r e d ,  because of bui ldup of s t a b l e  i s o t o p e s  of rhodium. 

Hafnium should be p r e s e n t  i n  t h e  f u e l  as t h e  ox ide ,  and i n  t h e  q u a n t i t y  

r e q u i r e d ,  0.0167%, should be s o l u b l e  i n  the  f u e l .  Thus, i t  would not  

c o n s t i t u t e  an  a d d i t i o n a l  phase i n  t h e  sys t em and i t s  e f f e c t  on t h e  prop- 

er t ies  of t h e  f u e l  should be minimal. 

Dose Rates Ava i l ab le  from F i s s i o n  Product Spikants  lo6Ru and 144Ce 

The n u c l i d e  c o n c e n t r a t i o n s  r equ i r ed  t o  produce 27,000 R/h a t  0.305 m 

f o r  530 kg of f u e l  a f t e r  2 y e a r s ,  g iven  i n  Table 1, assume t h a t  t h e  

i s o t o p e  i s  100% pure.  I n  r e a l i t y  t h i s  i s  never t h e  case s i n c e  o t h e r  

i s o t o p e s  of t h e  same element are p resen t  and decrease  t h e  i s o t o p i c  con- 

c e n t r a t i o n  of t h e  s p i k a n t .  F igu res  2 and 3 summarize t h e  i s o t o p i c  con- 

c e n t r a t i o n s  of t h e  f i s s i o n  products  l06Ru and 144Ce,  r e s p e c t i v e l y ,  as a 

f u n c t i o n  of t i m e  s i n c e  removal from t h e  r e a c t o r  f o r  fou r  d i f f e r e n t  reac- 

t ' o r  systems. 

under  t h e  c o n d i t i o n s  summarized i n  Table 8. One year a f t e r  removal from 

t h e  r e a c t o r ,  none of t h e  systems i n d i c a t e  i s o t o p i c  c o n c e n t r a t i o n s  of 

e i t h e r  lo6Ru o r  144Ce g r e a t e r  than  6.5%. 

t h e  r e a c t o r  t h e  i s o t o p i c  concen t r a t ions  are less than  3%. For a PWR 

t h i s  means t h a t  t o  s a t i s f y  t h e  c r i t e r i o n  of 27,000 R/h 2 y e a r s  a f t e r  

f u e l  r e f a b r i c a t i o n  ( t o t a l  of 4 y e a r s  a f t e r  removal from t h e  r e a c t o r ) ,  

t h e  cerium c o n c e n t r a t i o n  would have t o  be 15.6% and t h e  ruthenium con- 

c e n t r a t i o n  about  1.7%. Ne i the r  of t h e s e  va lues  i s  a t t a i n a b l e  from 

f i s s i o n  p roduc t s  f o r  t h e  s t i p u l a t e d  r a d i a t i o n  l e v e l .  

' 
These c o n c e n t r a t i o n s  were obta ined  from t h e  ORIGEN Code3 

Two yea r s  a f t e r  removal from 

R a d i a t i o n  l e v e l s  a t t a i n a b l e  as a f u n c t i o n  of t i m e  a f t e r  removal 

from t h e  r e a c t o r  are summarized i n  Fig. 4. This  f i g u r e  assumes t h a t  

1100% of each  f i s s i o n  product  i s  processed wi th  the  f u e l  (100% recovery  

of  e i t h e r  lo6Ru o r  144Ce).  The m a x i m u m  dose rate a t t a i n a b l e  from 530 kg 

o f  f u e l  would be about  2000 R/h f o r  I44Ce and about  13,000 R/h f o r  lo6Ru 

Erom a PWR and about  27,000 R/h f o r  lo6Ru from a LMFBR f u e l  element.  
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Table 8 .  Conditions Used for ORIGEN Calculations 
of Fission Product Concentration 

Flux Power Burnup 
React or (n/m2 SI (MW/ tonne) (MWd/tonne) 

PWR-U 3.89 x 1017 37.50 3 3 , 0 0 0  

PWR-PU 2.06 x 1017 37.50 3 3 , 0 0 0  

8 .04  x 1017 64.57 94 ,271 HTGR 
2.49 x 1019 49.28 3 7 , 1 1 8  LMFBR 

R€ 
Fig. 4 .  Dose Rate as a Function of Time After Removal from the 

!actor. 
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Determinat ion of t h e  Amount of 5 9 ~ 0  Required t o  Produce 6oCo 

Some r a d i o n u c l i d e s  are produced by neut ron  i r r a d i a t i o n  of s p e c i f i c  

i s o t o p e s .  

r e a c t o r  and is  a v a i l a b l e  commercially. 

i n  s i t u  by t h e  i n t r o d u c t i o n  of  59Co i n t o  t h e  f u e l .  

For example, 6oCo i s  produced by t h e  i r r a d i a t i o n  of 59Co i n  a 

However, 6oCo could  be produced 

We c a l c u l a t e d  t h e  amount of  59Co necessa ry  t o  produce enough 6oCo 

t o  provide  27,000 R/h i n  PWRs and LMFBRs. These c a l c u l a t i o n s  used t h e  

c o n d i t i o n s  g iven  i n  Table 9. 

ignored .  

f i r s t  i r r a d i a t i o n  c y c l e  i n  a PWR, 293 ppm 59Co by weight ( r e f e r r e d  t o  t h e  

ox ide )  w i l l  produce 39 ppm 6oCo, which w i l l  decay t o  the  r equ i r ed  30 ppm 

by  t h e  t i m e  t h e  f u e l  i s  reprocessed ,  r e f a b r i c a t e d ,  and i n s e r t e d  back 

i n t o  t h e  r e a c t o r .  A similar c a l c u l a t i o n  f o r  t h e  LMFBR shows t h a t  1.64% 

5 9 ~ o  would be r equ i r ed .  

Losses due t o  neut ron  c a p t u r e  by 6oCo were 

I f  one assumes t h a t  no 6oCo i s  p r e s e n t  a t  t h e  beginning of t h e  

Tab le  9. Condi t ions  Assumed i n  59Co C a l c u l a t i o n s  

PWR LMFBR 

T i m e  i n  r e a c t o r ,  y e a r s  2.41 2.0 

Cool-down t i m e ,  y e a r s  0.5 0.5 

Reprocess ,  r e f a b r i c a t e ,  y e a r s  1.5 1.5 

F I U ,  n/m2 s 

5 9 ~ 0  c r o s s  s e c t i o n ,  m2 

3.8 E + 17 2.5 E + 19 

3 . 7  E - 29 1.2 E - 30 

Under equ i l ib r ium c o n d i t i o n s ,  a minimum of 30 ppm 6oCo is  main- 

t a i n e d  i n  t h e  f u e l  a long  wi th  enough 59Co t o  r e p l a c e  6oCo l o s t  by 

decay  dur ing  i r r a d i a t i o n ,  cool-down, r ep rocess ing ,  and r e f a b r i c a t i o n .  

Fo r  t h e  PWR, t h e  amount of  59Co w a s  found t o  be 132 ppm, and f o r  t h e  

LMFBR, t h e  amount i s  0.69%. Th i s  l a r g e  d i f f e r e n c e  i s  due t o  t h e  ve ry  

low c r o s s  s e c t i o n  of 5 9 ~ 0  f o r  f a s t  neu t rons  compared with t h a t  f o r  

thermal  neut rons .  

c o b a l t  p re sen t  i s  t h e r e f o r e  18.5% f o r  t h e  PWR case and 0.043% f o r  t he  

LMFBR. 

The c o n c e n t r a t i o n  of 6oCo i n  t h e  t o t a l  amount of 



The l a r g e  amount of 59Co needed t o  produce t h e  r equ i r ed  amount of 

6oCo i n  an LMFBR sugges t s  t h a t  a more p r a c t i c a l  approach would be t o  

produce 6oCo i n  thermal  r e a c t o r s  f o r  use i n  an LMFBR. 

A t  t h e  p r e s e n t  t i m e ,  co-processing of c o b a l t  w i th  t h e  f u e l  is no t  

p o s s i b l e ,  nor  can i t  be sepa ra t ed  from t h e  f i s s i o n  product  stream. 

There fo re  t h e  5 9 ~ 0  cannot  be i n t i m a t e l y  mixed with t h e  f u e l  as p a r t  of 

t h e  f u e l  mat r ix .  I n s t e a d ,  wafers  o r  shims could be s t r a t e g i c a l l y  p laced  

w i t h i n  t h e  f u e l  element and p h y s i c a l l y  sepa ra t ed  during r ecyc le .  

REPROCESSING 

Any proposed f u e l  sp ikan t  system must cons ide r  p o t e n t i a l  reprocess-  

i n g  problems r e s u l t i n g  from the  i n t r o d u c t i o n  of s p i k a n t s  i n t o  t h e  f u e l .  

Ques t ions  t h a t  need t o  be addressed  inc lude :  

1. t h e  chemis t ry  of  f u e l  s p i k a n t  systems as r e l a t e d  t o  t h e  s o l v e n t  

e x t r a c t i o n  s t e p s ,  

2 .  expec ted  y i e l d s  of f i s s i o n  product  s p i k a n t s ,  and 

31. m o d i f i c a t i o n s  of t h e  process  f lowshee ts .  

E:ach of t h e  t h r e e  s p i k a n t s  - Ru, C e ,  and Co - w i l l  be b r i e f l y  reviewed 

w i t h  r e s p e c t  t o  i t s  e f f e c t  on t h e  f u e l  reprocess ing .  

Ruthenium - The chemis t ry  of  ruthenium i n  t h e  s o l v e n t  e x t r a c t i o n  

system i s  compl ica ted ,  and t h e  pa ths  through t h e  f u e l  r ep rocess ing  system 

depend on many parameters .  When f u e l  i s  d i s so lved  f o r  recovery,  t h e  

d i s s o l v e r  s o l u t i o n  c o n t a i n s  a t  least fou r  chemical forms of ruthenium.32 

The s o l v e n t  e x t r a c t i o n  p a r t i t i o n  c o e f f i c i e n t s  of t hese  species v a r y  by a t  

:Least 5 o r d e r s  of magnitude. One of t h e s e  has  a h ighe r  d i s t r i b u t i o n  

c o e f f i c i e n t  t han  any  o t h e r  f i s s i o n  product .  The equ i l ib r ium between t h e  

v a r i o u s  s p e c i e s ,  t h e  ra te  of convers ion  from one species t o  a n o t h e r ,  and 

t h e  e x t r a c t i o n  by t h e  s o l v e n t  depend on t h e  a c i d i t y ,  t e m p e r a t u r e ,  TBP 

c o n c e n t r a t i o n ,  and t h e  presence of o t h e r  i o n s  (such as n i t r i t e  and 

b i s u l f i t e )  i n  t h e  s o l u t i o n .  

I n  view of t h i s  complexi ty ,  any process  f o r  t h e  e x t r a c t i o n  of 

ruthenium wi th  t h e  f u e l  w i l l  r e q u i r e  c a r e f u l  c o n t r o l .  Because of t h i s ,  

c o n s i d e r a b l e  development would be r equ i r ed  t o  develop a r e l i a b l e  process .  
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A t  t h e  p re sen t  time i t  i s  a n t i c i p a t e d  t h a t  wi th  2.5 M a c i d  s o l u t i o n  

10-20% of t h e  f i s s i o n  product ruthenium could be processed wi th  t h e  

f u e l .  Decreasing t h e  a c i d  con ten t  t o  about 1 M should i n c r e a s e  this 

amount t o  about 50%. The t o t a l  amount of ruthenium recovered can be 

inc reased  f u r t h e r  by reprocess ing  t h e  e x t r a c t e d  stream and p h y s i c a l l y  

mixing t h e  recovered ruthenium wi th  the  f u e l  l a te r  i n  the  p rocess ,  a f t e r  

convers ion  from t h e  n i t r a t e  t o  t h e  oxide.  

Cerium- E x t r a c t i o n  of cerium i n  a form f r e e  from o t h e r  rare e a r t h  

neu t ron  poisons i s  a d i f f i c u l t  t a s k  and, a t  t h e  p re sen t  t i m e ,  i t  is  f e l t  

t h a t  a process  could be designed t o  e x t r a c t  3-5% of t h e  a v a i l a b l e  cerium 

w i t h  t h e  f u e l .  This  can be increased  by convers ion  of Ce( I I1 )  i n  t h e  

f i s s i o n  product  stream t o  Ce(IV), which extracts more r e a d i l y ,  and adding 

t h i s  m a t e r i a l  t o  t h e  f u e l  la ter  i n  t h e  r ep rocess ing  s t e p .  Sepa ra t ion  

depends s t r o n g l y  on t h e  ox ida t ion  p o t e n t i a l  of t h e  solut ion.33 

C o b a l t -  Cobal t  forms complexes wi th  t h e  r e s u l t  t h a t  i t  does not  

e x t r a c t  wi th  t h e  f u e l  c o n s t i t u e n t s .  Therefore  c o b a l t  would have t o  be 

produced s e p a r a t e l y  from t h e  f u e l  and fed  i n t o  the  product  stream. This  

a d d i t i o n  can be made e i t h e r  as t h e  n i t r a t e  t o  t h e  n i t r a t e  products  o r  as 

t h e  oxide t o  t h e  converted product .  

While t h e r e  a p p e a r s  t o  be no doubt t h a t  reprocess ing  of s p i k a n t s  t o  

some degree i s  p o s s i b l e ,  i t  a l s o  appears  probable  t h a t  a t  least  a p o r t i o n  

of  t h e  s p i k a n t s  w i l l  have t o  be added back i n t o  t h e  recovered f u e l  l a t e r  

i n  t h e  r ep rocess ing  s t age .  This  means t h a t  p o r t i o n s  of t h e  reprocess ing  

f a c i l i t y  w i l l  no t  c o n t a i n  t h e  p re sc r ibed  r a d i a t i o n  l e v e l s  and, as a con- 

sequence,  t h e  f u e l  w i l l  be more s u s c e p t i b l e  t o  d i v e r s i o n  from these  

l o c a t i o n s .  

i nvo lv ing  two o r  more d i f f e r e n t  s p i k a n t s .  This  w i l l  be d iscussed  i n  a 

l a t e r  s e c t i o n .  

Th i s  problem may p o s s i b l y  be overcome by a duplex process  

F i s s i o n  Product Bui ld  up 

F i s s i o n  products  have l i m i t e d  use fu lness  as s p i k a n t s  f o r  d ive r s ion .  

The advantage of f i s s i o n  products  i s  t h a t  t hey  are produced i n  t h e  f u e l  

a s  a d i r e c t  r e s u l t  of t h e  f i s s i o n  process  so  t h a t  s p e c i a l  r e a c t o r s  a r e  
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not necessa ry  f o r  t h e i r  product ion.  I f  t h e  u s e f u l  n u c l i d e s  such as 

lo6Ru and 144Ce were t h e  on ly  i s o t o p e s  of t hese  e lements ,  t h e r e  would 

be no problem. However, o t h e r  i s o t o p e s  of ruthenium and cerium are a l s o  

produced as f i s s i o n  p roduc t s ,  r e s u l t i n g  i n  t h e  d i l u t i o n  of t h e  radio-  

n u c l i d e s  by s t a b l e  n u c l i d e s  of t h e  same elements .  

A t  p r e s e n t ,  no reasonable  method is  known f o r  s e p a r a t i n g  i s o t o p e s  

of  ruthenium and cerium. The re fo re ,  each t i m e  t he  f i s s i o n  product  

s p i k a n t s  are reprocessed  back i n t o  a r e a c t o r ,  t he  amount of s t a b l e  iso-  

t o p e s  of ruthenium and cerium w i l l  i n c r e a s e  by a cons t an t  amount. A s  a 

r e s u l t ,  t h e  amount of t o t a l  element r equ i r ed  t o  produce a dose rate 

:Level of 27,000 R/h i n c r e a s e s  wi th  each cyc le .  Th i s  i s  shown i n  Fig.  5. 

T h i s  f i g u r e  shows t h a t  a f t e r  6 c y c l e s ,  t h e  ruthenium c o n c e n t r a t i o n  would 

have  t o  be about  10% t o  produce t h e  s p e c i f i e d  r a d i a t i o n  l e v e l .  The 

cerium c o n c e n t r a t i o n  would have t o  be about 106%, an  imposs ib le  l e v e l .  

F igu re  5 assumes t h a t  enough sp ikan t  n u c l i d e  i s  produced t o  provide  

27,000 R/h. However, t h i s  i s  no t  t h e  case, and Fig. 6 shows t h a t  ruthe-  

nium can provide  about  13,000 R/h and cerium can provide  about 2000 R/h 

i f  a l l  t h e  element i s  reprocessed .  

Duplex Spikant  Reprocessing 

From t h e  d i s c u s s i o n  on r ep rocess ing ,  i t  a p p e a r s  t h a t  ruthenium is 

!:he only  p o t e n t i a l  s p i k a n t  t h a t  can provide  h i g h  dose rates dur ing  most 

o f  t h e  r ep rocess ing  s t e p s .  Cobal t  complexes out  dur ing  the  s e p a r a t i o n  

exchange; o n l y  3-5% of t h e  cerium i s  c a r r i e d  along wi th  the  product .  

S i n c e  about  50% of t h e  ruthenium can be coprocessed wi th  t h e  p roduc t ,  a 

h i g h e r  l e v e l  of d i v e r s i o n  r e s i s t a n c e  is  provided. However, dur ing  con- 

v e r s i o n  t o  t h e  oxide  o r  s i n t e r i n g  the  ruthenium can ox id ize  and vapor i ze  

o u t  of t h e  f u e l .  Th i s  would l e a v e  t h e  f u e l  vu lne rab le  t o  d i v e r s i o n .  It 

c:an t h e r e f o r e  be concluded t h a t  none of t h e  p o t e n t i a l  s p i k a n t s  can ind i -  

v i d u a l l y  r ende r  t h e  f u e l  comple te ly  d i v e r s i o n - r e s i s t a n t  dur ing  repro- 

c:essing, convers ion ,  and r e f a b r i c a t i o n .  This  i s  summarized i n  Table 10, 

which g i v e s  t h e  r e l a t i v e  d i v e r s i o n  r e s i s t a n c e  of t h e  f u e l  f o r  each 

p o t e n t i a l  s p i k a n t  a f t e r  t h e  s e p a r a t i o n  exchange and a f t e r  t he  convers ion  
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Fig. 5. Total Amount of 
Ruthenium and Cerium Required 
to Produce 27,000 R/h After 
Recycling. 

Fig. 6. Dose Rates Avail- 
able from lo6Ru and '44Ce After 
Recycling. 
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Table  10. Divers ion  Res i s t ance  of Nuclear Fuel 
by P o t e n t i a l  Spikants  During Reprocessing 

and R e f a b r i c a t i o n  

A f t e r  Sepa ra t ion  A f t e r  convers ion  
Radionucl ide  Exchange and Ref a b r i c a t i o n a  

6OCO low 

144ce low 

06Ru h i g h  

h igh  

l o w  

i n t e r m e d i a t e  

Assumes %o and 144Ce are sepa ra t ed  from t h e  a 
f i s s i o n  product  stream and added back i n t o  t h e  product  
stream b e f o r e  convers ion .  

and  r e f a b r i c a t i o n  s t e p s .  

are  s e p a r a t e d  from t h e  f i s s i o n  product  stream and added back i n t o  t h e  

product  stream b e f o r e  convers ion .  

These r a t i n g s  assume t h a t  t h e  6oCo and 144Ce 

T h i s  problem can be overcome by a "duplex" s p i k i n g  procedure i n  

which both  l06Ru and 6oCo are  used i n  d i f f e r e n t  s t a g e s  of r ep rocess ing  

t o  ensu re  cont inuous  d i v e r s i o n  r e s i s t a n c e .  

i n c o r p o r a t e d  i n t o  t h e  f u e l  o r  f u e l  element t o  produce 6oCo dur ing  irra- 

d i a t i o n .  About 300 ppm of 5 9 ~ 0  would be r equ i r ed  i n  a PWR f o r  t h i s  pur- 

pose. About 50% of t h e  ruthenium can be reprocessed  wi th  t h e  f u e l  whi le  

t h e  c o b a l t  i s  s e p a r a t e d  from t h e  f u e l  i n  t h e  r ep rocess ing  head-end s t e p s  

o r  du r ing  t h e  s e p a r a t i o n  exchange process .  The c o b a l t  s e p a r a t e d  from t h e  

head-end s t e p  can be reprocessed  and added t o  fhe  f u e l  as t h e  n i t r a t e .  

During convers ion  from t h e  n i t r a t e  t o  t h e  oxide  ( c a l c i n i n g ) ,  t h e  ruthe-  

nium might v o l a t i l i z e  as t h e  oxide  and be condensed on a c o l d  f i n g e r  and 

f e d  i n t o  t h e  f i s s i o n  product  stream. It might ,  i n  f a c t ,  be d e s i r a b l e  t o  

d e l i b e r a t e l y  v o l a t i l i z e  t h e  ruthenium a t  t h i s  s t e p  t o  prevent  t h e  bui ldup  

o f  s t a b l e  i s o t o p e s  of  ruthenium i n  subsequent  r e a c t o r  c y c l e s .  The c o b a l t  

should  remain wi th  t h e  f u e l  du r ing  c a l c i n i n g  and s i n t e r i n g ,  t h e r e b y  

ma in ta in ing  a h i g h  dose  r a t e  level.  During t h e  pe r iod  of t i m e  from t h e  

s ' epa ra t ion  exchange column t o  t h e  p o i n t  t h e  c o b a l t  i s  added t o  t h e  

product  stream, t h e  dose ra te  depends on t h e  a v a i l a b l e  lo6Ru, which 

I n  t h i s  p r o c e s s ,  5 9 ~ 0  i s  
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should produce about  5000 R/h a t  0.30 m from the  s u r f a c e  of a n  LWR f u e l  

e lement .  A p a r t i a l  f u n c t i o n a l  f low diagram showing t h i s  scheme i s  given 

i n  Fig.  7. 

Divers ion  r e s i s t a n c e  by sp ik ing  becomes i n c r e a s i n g l y  more d i f f i c u l t  

a s  t h e  r equ i r ed  dose ra te  i n c r e a s e s .  This  i s  shown i n  Fig.  8, which 

i n d i c a t e s  t h e  s p i k a n t s  t h a t  can be used t o  produce va r ious  dose rates 

w h i l e  provid ing  l i m i t e d  o r  m a x i m u m  d i v e r s i o n  r e s i s t a n c e .  

s i o n  r e s i s t a n c e  i s  de f ined  as t h e  case i n  which t h e r e  i s  a t  least  one 

p o i n t  dur ing  r ep rocess ing  where t h e  r a d i a t i o n  dose rate i s  inadequate  t o  

provide  d i v e r s i o n  r e s i s t a n c e .  

a s  a case i n  which an  a p p r e c i a b l e  r a d i a t i o n  dose rate ('L5000 R/h) i s  

p r e s e n t  a t  a l l  times dur ing  reprocess ing .  

Limited diver-  

M a x i m u m  d i v e r s i o n  r e s i s t a n c e  i s  de f ined  

T h i s  f i g u r e  shows t h a t  based on a dose rate c r i t e r i o n  of 27,000 R/h 

a t  0.30 m from t h e  s u r f a c e  of an  LWR f u e l  e lement ,  6oCo provides  o n l y  

l i m i t e d  d i v e r s i o n  r e s i s t a n c e .  

f i s s i o n  products  i s  inadequate  t o  provide  t h i s  dose rate level.  

c o b a l t  complexes ou t  of t h e  product  stream dur ing  t h e  s e p a r a t i o n  

exchange, on ly  l i m i t e d  d i v e r s i o n  r e s i s t a n c e  i s  obta ined  from 6oCo. 

a s p e c i f i e d  dose rate of %lO,OOO R/h, bo th  6oCo and lo6Ru can provide  

l i m i t e d  d i v e r s i o n  r e s i s - t ance .  Cerium i s  u s e f u l  o n l y  f o r  l i m i t e d  diver-  

s i o n  r e s i s t a n c e  a t  dose ra te  l e v e l s  of about  1000 R/h. 

The amount of l06Ru and 144Ce i n  t h e  

S ince  

For 

EFFECTS OF SPIKANTS ON FUEL PROPERTIES 

M e 1  t i n g  P o i n t  

S i n c e  t h e  m e t a l l i c  s p i k a n t s  6oCo(60Ni) and lo6Ru( lo6Pd) are inso l -  

u b l e  i n  t h e  f u e l ,  no e f f e c t  on me l t ing  p o i n t  of t h e  f u e l  would be 

expec ted ,  and no evidence t o  t h e  c o n t r a r y  has  been found. Even i f  t h e s e  

s p i k a n t s  were added t o  t h e  f u e l  as o x i d e s ,  t h e  ox ides  would decompose o r  

b e  reduced t o  metal a t  r e l a t i v e l y  low tempera tures  (<lOOO"C). 

The rare e a r t h  ox ides ,  which should be r e p r e s e n t a t i v e  of cerium, 

form s o l i d  s o l u t i o n s  wi th  U02, and probably  wi th  Tho2 and Pu02 a l s o .  

A phase diagram of t h e  IJOfld2O3 system29 i n d i c a t e s  t h a t  a d d i t i o n  of 
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Nd2O3 t o  U02 lowers  t h e  l i q u i d u s  tempera ture  of t h e  s o l i d  s o l u t i o n s  about 

14'C/mol % Nd2O3 over  t h e  range  0 t o  25 mol % Nd2O3. Liquidus o r  s o l i d u s  

d a t a  f o r  t h e  U O S e 0 2  system have n o t  been found. 

T h e r m a l  Pro p e r t  i e  s 

Murabayashi18 used  x-ray d i f f r a c t i o n  and ceramography t o  v e r i f y  

s o l i d  s o l u t i o n  i n  (Th,Ce)02 con ta in ing  up t o  1 2  mol % Ce02. 

c o n d u c t i v i t y  a t  25°C v a r i e d  from 9.7 t o  4.2 W/m k as t h e  Ce02 con ten t  

i n c r e a s e d  from 1 t o  12 mol %. This  a g r e e s  wi th  t h e  gene ra l  con ten t ion  

t h a t  t h e  thermal  c o n d u c t i v i t y  of a ceramic s o l i d  s o l u t i o n  i s  lower than 

t h a t  of  t h e  i n d i v i d u a l  components. 

The thermal 

X-ray d i f f r a c t i o n  showed complete s o l i d  s o l u t i o n  i n  U02-Gd203 

mix tu res  used f o r  s e v e r a l  measurements. The thermal  expansion c o e f f i c i e n t  

i n c r e a s e d  from about  1 .05 x 

i n c r e a s e d  from 0 t o  24 mol %. 

t o  1 .17 x I O - ~ / " C  as t h e  Gd2O3 con ten t  
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Beisswenger e t  a1.34 annea led  UO-Ce02 p e l l e t s  con ta in ing  up t o  19.4 

rnol % Ce02 i n  a temperature  g r a d i e n t  of 1400 t o  2200°C. 

rai,grated t o  t h e  h ighe r  t empera tu re  r eg ions  by a thermal d i f f u s i o n  process .  

The fo l lowing  q u a n t i t i e s  were measured a t  19.4 mol % Ce02 and 2050°C: 

t l iEfusion c o e f f i c i e n t ,  D = 5.4 x 10-12 m 2 / s ;  thermal  d i f f u s i o n  c o e f f i -  

c i e n t  D' = 1 . 6  x m 2 / s * K ;  a c t i v a t i o n  energy,  Q = 460 kJ/mol.  

Thermal mig ra t ion ,  however, w a s  no t  observed35 i n  U02-Gd203 s o l i d  

s o l u t i o n s  con ta in ing  up t o  24 mol % Gd2O3 as t h e  r e s u l t  of annea l ing  a t  

a maximum tempera ture  of 2100°C wi th  a thermal  g r a d i e n t  of 1350"C/cm. 

The Ce02 

Mechanical P r o p e r t i e s  

No in fo rma t ion  w a s  found on t h e  e f f e c t s  of cerium, ruthenium, o r  

colbalt  on t h e  mechanical p r o p e r t i e s  of uranium, plutonium, o r  thorium 

ox ides .  I n  o r d e r  t o  provide  a background of p o s s i b l e  e f f e c t s ,  t h e  

r e s u l t s  of s t u d i e s  of o t h e r  e lements  on f u e l  p r o p e r t i e s  are inc luded  i n  

t.h:is s e c t i o n .  

C h r i s t i e  and W i l l i a m s  36 conducted creep-in-bending tests on hypo- 

The UO2-YzO3 aind hype r s to i ch iomet r i c  U02 con ta in ing  a d d i t i o n s  of Y2O3. 

mix tu res  were prepared  by c o p r e c i p i t a t i o n  from n i t r a t e  s o l u t i o n ,  ca l c in -  

i.ng i n  a i r  a t  700"C, then  reducing i n  H2 a t  700°C. 

uranium r a t i o s  of t h e  powders were v a r i e d  by hea t ing  i n  a i r  a t  140°C. 

T h e  material  w a s  p re s sed ,  then  c u t  into r e c t a n g u l a r  specimens.  Nonstoi- 

ch iomet r i c  specimens were s i n t e r e d  a t  1400°C i n  argon f o r  7.2 k s  (2 h ) ,  

w h i l e  s t o i c h i o m e t r i c  specimens were prepared from nons to i ch iomet r i c  ones 

hy  s i n t e r i n g  a t  1400°C i n  H2 f o r  3.6 k s  (1 h ) .  Creep  tests were done a t  

9'40°C a t  a m a x i m u m  f i b e r  s t r e s s  of 35 MPa, i n  argon f o r  nons to i ch iomet r i c  

specimens and i n  H2 f o r  s t o i c h i o m e t r i c  ones. Nons to ich iometr ic  speci-  

mens ( O / U  

deformed s u b s t a n t i a l l y  less than  specimens con ta in ing  no Y2O3, and 

s t o i c h i o m e t r i c  specimens con ta in ing  Y2O3 deformed h a r d l y  a t  a l l .  

g r a i n  boundary f low c o n t r i b u t e s  a p p r e c i a b l y  t o  o v e r a l l  deformat ion ,  t h e  

lower creep rates i n  specimens con ta in ing  Y2O3 might be r e l a t e d  t o  t h e  

l a r g e r  g r a i n  s i z e ,  which w a s  f i v e  t o  t e n  times l a r g e r  i n  specimens con- 

t a i n i n g  Y2O3 t h a n  i n  pure U02. 

The oxygen-to- 

2.27) con ta in ing  approximate ly  0.5 and 1.0 mol % Y2O3 

I f  
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Armstrong and I r ~ i n e ~ ~  s t u d i e d  c reep  i n  specimens of U02-Zr02, 

UO2-Y2O3, U02-CaO, UO2SiO2. Ceramographic examinat ion indi-  

c a t e d  t h a t  specimens con ta in ing  e i t h e r  Zr02, Y2O3, o r  C a O  were s ing le -  

phase s o l i d  s o l u t i o n s ,  whereas Si02 appeared i n  g r a i n  boundaries  and 

w i t h i n  g r a i n s .  Creep-in-bending tes ts  were conducted a t  1200 t o  1450°C 

a t  stresses of  14 t o  112 MPa. The s t eady- s t a t e  c reep  rate a t  1400°C 

( t y p i c a l  r e s u l t s )  was similar f o r  U02-CaO and UO2-Y2O3 specimens. 

b o t h  cases t h e  c reep  ra te  decreased  wi th  i n c r e a s i n g  CaO o r  Y2O3 over  

t h e  range 0.1 t o  1.0 mol %. An even l a r g e r  decrease  i n  c reep  ra te  was 

caused by Zr02, which could be a s tand- in  f o r  Hf02. 

was caused by Si02 a d d i t i o n s ,  which r e s u l t e d  i n  a h igh  c reep  rate rela- 

t i v e  t o  pure U02. I n t e r g r a n u l a r  c r a c k s  formed i n  many specimens dur ing  

c r e e p ,  and t h e  c r a c k  depth  measured from t h e  specimen s u r f a c e  w a s  g r e a t e r  

i n  specimens con ta in ing  CaO,  Y2O3, and Si02 t h a n  i n  U02 c o n t r o l  

specimens.  

r e t a r d  c reep  rates depending on t h e i r  p h y s i c a l  s ta te  o r  l o c a t i o n .  38 

I n  

The oppos i t e  e f f ec t  

F i s s i o n  products  t h a t  remain as metal l ic  p r e c i p i t a t e s  may enhance o r  

S i n t e r a b i l i t y  

I n  one study36 s e p a r a t e  a d d i t i o n s  of 0.1 t o  1.0 mol % Zr02, Y2O3, 

C a O ,  o r  Si02 were d r y  blended wi th  U02, pressed  i n t o  b a r s ,  t hen  s i n t e r e d  a t  

1700 t o  1750°C i n  H2. 

t i c a l  dens i ty .  

from n i t r i c  a c i d  s o l u t i o n s  .34 

reduced i n  H2. 

f o r  7.2 ks, S i n t e r e d  d e n s i t i e s  were 94 t o  96% of t h e o r e t i c a l  d e n s i t y  

( t . d . )  f o r  p e l l e t s  con ta in ing  up t o  24 mol % Gd2O3. 

The d e n s i t i e s  of  t h e s e  materials exceeded 98% theore- 

Mixtures  of  U02 and Gd2O3 were c o p r e c i p i t a t e d  wi th  NH4OH 

The p r e c i p i t a t e s  were c a l c i n e d ,  t hen  

The powder w a s  p e l l e t i z e d  and s i n t e r e d  a t  1600°C i n  H2 

L i t t l e c h i l d ,  however, observed t h a t  a d d i t i o n s  of Gd2O3 t o  U02 

reduced s i n t e r a b i l i t y . 3 9  

t i o n s ,  s i eved  through 60  mesh, mixed a g a i n ,  p ressed  i n t o  p e l l e t s ,  and s in-  

t e r e d  a t  1620°C i n  H2. The a d d i t i o n  of Gd2O3 n e c e s s i t a t e d  long 

s i n t e r i n g  times t o  a t t a i n  h i g h  d e n s i t i e s .  

t o  89% t .d .  as t h e  Gd2O3 c o n t e n t  i nc reased  from 0 t o  30 mol % f o r  a 

The powders were blended i n  vary ing  propor- 

The d e n s i t y  decreased  from 96 
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s i n t e r i n g  t i m e  of 5.4 ks a t  1620°C. Over the  same composi t ion range t h e  

d e n s i t y  exceeded 96% t.d. f o r  a s i n t e r i n g  t i m e  of 36 ks, and exceeded 97% 

t . c l .  f o r  270 ks. 

t h e  Gd2O3 c o n t e n t  i nc reased  from 0 t o  30 mol %. 

s i n t e r i n g  behavior  of UO2-20 w t  % PuO2 were s tudied .40  The metals were 

s e p a r a t e l y  added t o  t h e  U 0 2 - 9 ~ 0 2  powder a t  l e v e l s  of 250, 1000, 2000, 

and 5000 ppm by weight .  Only C r  and S i  caused a decrease  i n  the den- 

s i t i es  of s i n t e r e d  p e l l e t s ,  and then  on ly  a t  the 2000 and 5000 pprn 

1.evels.  The d e n s i t i e s  of p e l l e t s  con ta in ing  Fe,  Mo, and N i  were essen- 

t i a l l y  c o n s t a n t  over  t h e  range 250 t o  5000 ppm added metal. 

The g r a i n  s i z e  decreased from about  25 urn t o  5 urn as 

The e f f e c t s  of t h e  metall ic a d d i t i o n s  C r ,  F e ,  Mo, N i ,  and S i  on t h e  

Methods of Adding Spikants  t o  Fuels  

S o l i d  s o l u t i o n s  of ox ides  have been prepared both by mechanical 

b lending  of t h e  components and by c o p r e c i p i t a t i o n  from n i t r a t e  s o l u t i o n s .  

Ar)mstrong and I r ~ i n e ~ ~  prepared  U 0 2  con ta in ing  0.1 t o  1.0 mol % of e i t h e r  

C a O ,  Y2O3, o r  Z r 0 2  by mechanical blending fol lowed by p res s ing  and s in-  

t e r i n g  a t  1750°C. Ceramographic examinat ion showed t h a t  t h e  materials 

were s i n g l e  phase.  Mechanical b l ends  of UO2 and Gd2O3, however, 

sometimes r e s u l t e d  i n  incomplete  s o l i d  s o l u t i o n  formation a f t e r  s i n t e r -  

ing.35,39 Wada,35 f o r  example, r e p o r t s  t h a t  x-ray d i f f r a c t i o n  r evea led  

lncomplete  s o l u t i o n  even a f t e r  s i n t e r i n g  a t  2000°C f o r  7.2 ks ( 2  h ) .  

When t h e  same material w a s  prepared by c o p r e c i p i t a t i o n  from n i t r a t e  

s o l u t i o n ,  s o l i d  s o l u t i o n s  were ob ta ined  a f t e r  s i n t e r i n g  a t  1600°C f o r  

7.2 k s  (2  h ) .  

s i s t e d  of a s i n g l e  phase fo l lowing  c o p r e c i p i t a t i o n  and s i n t e r i n g  a t  

1400°C f o r  3.6 k s  (1 h).36 

S o l u t i o n s  con ta in ing  0.5 and 1.0 mol % Y2O3 i n  U02 con- 

The metals C r ,  Fe , Mo, N i  , and S i  were added t o  UO2-20 w t  % Pu02 

The degree of d i s p e r s i o n ,  however, w a s  no t  b y  mechanical blending.40 

d i sc us sed. 



29 

SUMMARY AND CONCLUSIONS 

Pract ical  c o n s i d e r a t i o n s  concerning t h e  p o t e n t i a l  e f f e c t s  of 

s p i k a n t s  on f u e l  performance and the  technology a s s o c i a t e d  wi th  obtain-  

i n g  a p p r o p r i a t e  s p i k a n t s  and main ta in ing  t h e i r  presence with the  f u e l  

c o n s t i t u e n t s  throughout t h e  f u e l  cyc le  were eva lua ted .  A l i s t  of 64 

r ad ionuc l ides  wi th  f avorab le  c h a r a c t e r i s t i c s  has  been reduced t o  fou r  

promising p o s s i b i l i t i e s .  

and t h e  d e l i b e r a t e l y  manufactured r ad ionuc l ides  6oCo and 172Hf. 

t h e  a n t i c i p a t e d  h igh  c o s t  of producing 172Hf e s s e n t i a l l y  e l i m i n a t e s  i t  

as  a candida te .  

These are the  f i s s i o n  products  lo6Ru and 144Ce 

However, 

The eva lua t ion  of t h e  use of 6oCo, 160Ru, and 144Ce can be 

summarized as fo l lows .  

1. Cerium i n  t h e  f i s s i o n  products  from a PWR f u e l  element (530 kg 

f u e l )  w i l l  provide a maximum of about 2000 R/h a t  0.30 m (1 f t )  a f t e r  2 

y e a r s ,  whi le  ruthenium w i l l  p rovide  about 13,000 R/h. 

2. Approximately 50% of t h e  f i s s i o n  product  ruthenium and 3-5% of 

t h e  cerium could be coprocessed wi th  the  f u e l .  

3. Nonradioact ive n u c l i d e s  of cerium and ruthenium d i l u t e  the  

r a d i o a c t i v e  n u c l i d e s  t o  2 4 %  of t h e  t o t a l  element i n  t h e  f i s s i o n  prod- 

u c t s  2 y e a r s  a f t e r  removal from the  r e a c t o r .  

4. Recycling cerium and ruthenium w i l l  d i l u t e  t he  r ad ionuc l ides  by 

a bui ldup of s t a b l e  i s o t o p e s  of each of t hese  elements.  Th i s  bui ldup 

w i l l  i n c r e a s e  each  t i m e  t he  f u e l  i s  i r r a d i a t e d .  The worst  case is  f o r  

cerium, where, a f t e r  s i x  r ep rocess ing  c y c l e s ,  t o t a l  replacement of t h e  

f u e l  w i th  Ce02 w i l l  n o t  provide  27,000 R/h a t  0.30 m ( 1  f t ) .  

ruthenium, a f t e r  s ix  reprocess ing  cycles,  t h e  r equ i r ed  concen t r a t ion  w i l l  

r ise t o  10% t o t a l  element t o  achieve  t h e  same dose rate. 

For  

5 .  Cobalt-60 can r e a d i l y  be manufactured i n  a thermal  r e a c t o r  and 

less r e a d i l y  i n  a f a s t  r e a c t o r .  Only 0.003% (30 ppm) by weight of t he  

f u e l  i s  r equ i r ed  t o  produce t h e  dose rate of 27,000 R/h a t  0.30 m. 

6. Cobal t  cannot be coprocessed wi th  t h e  f u e l  materials but  w i l l  be 

l o s t  i n  t h e  ear ly  s t a g e s  of reprocess ing .  

7. I n  o r d e r  t o  provide maximum d i v e r s i o n  d e t e r r e n c e ,  a duplex 

s p i k a n t  r ep rocess ing  scheme may be necessary.  In  i t  about 50% of the  
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f i s s i o n  product  ruthenium i s  coprocessed wi th  t h e  f u e l ,  and 6oCo i s  added 

t o  t h e  f u e l  be fo re  t h e  convers ion  s t e p .  During t h e  convers ion  and s in-  

t ler ing s t e p s ,  t h e  ruthenium may v o l a t i l i z e  away whi le  t h e  c o b a l t  should 

rlemain wi th  t h e  f u e l  t o  provide  t h e  necessa ry  d i v e r s i o n  r e s i s t a n c e .  

8. The use  of nominal amounts of ruthenium o r  c o b a l t  as s p i k a n t s  i s  

n o t  expected t o  a d v e r s e l y  a f f e c t  f u e l  performance. 

Much of t h e  informat ion  d i scussed  i n  t h i s  r e p o r t  is p r e d i c t i v e  and 

w i l l  r e q u i r e  exper imenta l  v e r i f i c a t i o n  be fo re  f i n a l  s e l e c t i o n  of a 

slpikant o r  s p i k a n t s  can be made. Among the  areas i n  which i n i t i a l  exper- 

imen ta l  work is  being planned are: 

d u r i n g  convers ion  and r e f a b r i c a t i o n ,  v e r i f i c a t i o n  of t h e  amount of cerium 

and ruthenium t h a t  can be coprocessed wi th  t h e  f u e l ,  s e p a r a t i o n  of c o b a l t  

from t h e  f i s s i o n  p roduc t s ,  e f f e c t  of s p i k a n t s  on s i n t e r i n g  and on t h e  

mechanical  p r o p e r t i e s  of t h e  f u e l ,  and t h e  e f f e c t  of t h e  v a r i o u s  s p i k a n t s  

011 t h e  oxygen p o t e n t i a l  of t h e  f u e l .  

s t a b i l i t y  of ruthenium and c o b a l t  
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COMPLETE LIST OF POTENTIAL FUEL SPIKANTS 

"Na 2.60 y "Na; u = 2.9 

"ArC 33 Y (42Ca; u = 0.65) 

46sc 83.9 d 46Sc; u = 8 

("Ne; u = 0.048) 

"K 12.4 h 

(46Ti; u = 0.6) 

Ti .L 48 Y 
44sc  3.9 h ('"~a; u = 1.0) 

Mn 303 d 54Ml-l; 0 = <10 

4 4  

54 

(54Cr; u = 0.36) 

Production method 511 180 7.8 23~a(1~~%) (n,2n) 
1275 100 

Gaseous element "K 1524 18 1018 "Ar (n,y) "Ar (n,y) 
(99.6%) 01 = 0.61 b Uz = 0.5 b 

45sc(100%)(n,y); u = 23 b 889 100 374 
1120 100 

45~c(100%) ( p ,  271) 44Sc 511 188 2 30 
1159 100 

835 100 

56c0 77 d (56Fe; u = 2.63) 51 1 
847 
1040 
1240 
1760 
2020 
2600 
3260 

511 
810 

5 8 c ~  71.3 d 58c0; u = 1880 
(58Fe; u = 1.15) 

59Fe 45 d 

6OCO 5.26 y 

5 ~ n  245 d 

68Ge C 275 d 
68Ga 68 m 

83Rb  83 d 

(59Co; u = 37.2) 

60co; u = 2.0 
(60Ni; a = 2.8) 

(65Cu; a = 2.17) 

(68Zn; u = 0.072) 

("Kr; u = 200) 

40 
100 
15 
66 
15 
11 
17 
13 

30 
99 

1095 56 
1292 44 

1173 100 
1332 100 

1115 49 
68Ga 511 176 

1078 3.5 

530 93 

790 0.9 

511 3.4 

49 ' 5~(100%) (n, 2n) 
'%e(5.8%) (n,p) 
S 4 ~ r  (2.4%) ( p , n )  

480 56Fe(92%) (p ,n)  

2400 

86,000 

30 

108 

57 

2700 

"Co (100%) (n, 2n) 
5eNi(68%) ( n , p )  
55~(100%) (a ,n )  
5 8  Fe(0.3l%)(n,y); u = 1.1 b 
59Co(100%) (n,y) 

59Co(100%)(n,y); 0 = 37 b 

64Zn(48.9%)(n,y); u = 0.46 b 

a4Sr(0.56%) (n,2n) 

'Br(49Z) (a, 2n) 
85~b(72%) (p,3n) 

"Sr(Ec) 

'Sr(Ec) 

Production method 

Low E 

Production method 

Production method 

Short half-life; 
low E ;  production 
method 

Short half-life 
Production method 

Low I; production 

Low E 

Short half-life; 

method 

production method 
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APPENDIX (continued) 

f...-....-* -ration Principal Gawas 
b"1,LCIIL. -~ -~ 

Criterion for 
Rejection Possible Production Methods Cross Section for 27,000 R 

Rad ionuc 1 ide Ha 1 f-L i f e Spikant-Barns Inten- After 2 Years Energy 
(keV) (PP) sity 

(%) 
(Decay Product) 

("Kr; u = 0.13) 511 42 6.3 x lo6 "Rb(72X)(n,Zn) Short half-life; 
Ann 7 L  84Sr(0.56%) ( n , p )  low I; production 

"Rb 

"Sr c 
"Rb 

" ~ r  

"Kr  

8 Y  

"Zr 
J 

BY 
3 imm 

95Nb 

9 5zr 
4 

9 5 N b  

5mTc 
t 

"Tc 

l o  3 R ~  

33d 

25 d 
1.3 m 

64 d 

10.76 y 

108 d 

85 d 

108 d 
62 d 

35 d 

6 5  d 

35 d 

61 d 

20 h 

39.6 d 

("Kr; o = 45) 

(05Rb; 0 = 0.46) 

"Kr; u = 1.66 
(n5Rb; o = 0.46) 
("Sr; u = 0.0058) 

("Sr;  0 = 0.0058) 

("Zr; u = 1.6) 

9 5 N b ,  0 <7  
(95Ho; o = 14.5) 

(9 5 ~ 0 ;  u = 1 4 . 5 )  

(95Ho; u = 14.5) 

("'Rh; 0 = 150) 

1010 
1900 

"Rb 511 
777 

514 

514 

898 
1836 

88Zr 394 
"Y 898 

1836 
1210 

765 

Z r  756 

Nb 765 
95mTc 584 

780 
823 
838 
1042 

9 5 T ~  768 

497 

6 10 

. .  
0 . 5  
0.8 

192 
9 

100 

41 

91 
100 

97 
91 
100 

3 

100 

49 

100 

36 
12 
9 
27 
4 

=3 

88 

6 

5.5 x loa 

13,100 

825 

204 

175 

270,000 

3.7 x lo6 

5,900 

16,300 

1.35 x 106 

"Rb (72%) (p, 4n) 

"Sr(O.56%)(n,y); u = 1.4 b 
86~r(9.9%) (n,2n) 
85~b(72%) (p,n) 

"Kr(56.9%)(n,y); u = 0.06 b 
Fission product 

88Sr(83%) (p,n) 
89~(100%) (n,zn) 

89~(100%) (p,zn) 

Fission product 
95Mo(15.7%) ( n , p )  

94Zr(17.4%)(n,y); 0 = 0.03 b 

96Zr (2 .8%) (n, 2n) 

95M0(16%) (p,n) 

96~r(2.8%) (p,zn) 

fission product 

'02Ru(31.6%)(n,Y); 0 = 1.4 b 
fission product 

' 'Ru(18.9%) (n ,2n) 
103~h(100%)(n,p) 

method 

Short half-life; 
low E ;  production 
method 

Low E 

Gaseous; low E 
Low 0 
Production method 

Production method 

LOW r ;  short 
half-life; 
proauction method 

low E 
Short half-life; 

Low E; short half- 
life; low u 

Short half-life; 
low I; production 
method 

Low E ;  
short half-life 

W 
wl 



Concentration Principal Gammas 

l o  'Rh 206 d ('"Ru; u = 1.3) 475 
511 
628 

Ag 40 d 1 0 5  

lo6Ru i 367 d 
lo6Rh 30 s 

2.1 y 1 o zmRh 

50.0 d 1 1  4mIn 

- 
('''Pd; 0 = 14) 

l o 6 R u ;  a = 0.146 
(lo6Pd; u = 0.013) 

("'Ru; u = 1.3) 

('"Cd; u = 1.1) 

"OAg; u = 82 
("'Cd; u = 11) 

1103 
1307 
1570 

443 
620-680 

1088 

' 0 6 R h  512 
622 
1050 
1130 
1550 

418 
475 
632 
698 
768 
1050 
1110 

434 
614 
722 

658 
6 80 
706 
764 
818 
885 
937 
1384 
1505 

558 
7 24 
1299 

51 220 103~(100%) (n,2p) 
25 'Pd (0.95%) (n, p )  
4 '02R~(32%)(p,n) 
3 
0.5 
0 . 2  

10 6.0 x lo6 l o  'Rh(lOO%) (a,2n) 
12 105~d(22%) ( p , d  

34 '02Ru(32%)(p,n) 

2 

Fission product 21 34 3 
11 
1.5 
0.5 
0.2 

13 
95 
54 
41 
30 
41 
2 2  

89 
90 
90 

96 
16 
19 
23 
8 
71 
32 
21 
11 

3.5 
3.5 
0.16 

Low I; production 
method 

Short half-life: 
low I; production 
method 

LOW I 

Production method 

1500 

37 

107Ag(51%)(n,y): u = 0.4 b Low E; low u 

' O9Ag(48.7%) (n,2n) 
logAg(48.7%)(n,y); u = 3 b 

1.4 X lo6  "'In(4.2%)(n,y); u = 8 b Short half-life; 
' ' 'In(95.8X) (n, 271) low I 

w cn 
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C o n c e n t r a t i o n  
f o r  27 ,000  R 

P r i n c i p a l  Gammas 

Energy  sity A f t e r  2 Years R e j e c t  i o n  
( k e W  

C r o s s  S e c t i o n  
R a d i o n u c l i d e  H a l f - L i f e  Spikant-Barns 

(Decay R o d u c t )  

C r i t e r i o n  f o r  P o s s i b l e  P r o d u c t i o n  Hethods  In ten-  

( P P I  (4) 

485 
935 

1290 

'*'?e+ 154 d (12'Sb; u = 0.055) 121mTe 1100 
12'Te 1 7  d ' ' y e  508 

5 7 3  

12'Sb 60 d 12'Sb; (J = 6.5  
("'Te; u = 6.8)  

12'Sb 

' "CS 

2 .7  y ( ' 2 5 T e ;  u = 1.55)  

2.05 y '"Cs; u = 140 
("'Ba; u = 0.158) 

l 3 ' C S  30.0 y '37cs; (7 = 0 . 1 1  
( '37Ba;  a = 5.1) 

"3Pm 0 . 7 3  y ("'Nd; 0 = 325) 

" + ' ~ m  1.1 y ("'Nd; u = 3.6)  

"'Ce t 284 d ' " ~ e ;  u = 1.0 
14'pr 1 7  m ('"Nd; 0 = 3.6)  

603  
644 
720 
967 

1048 
1310 
1370 
1450 
1692 
2088 

427 
463 
599 
6 34 
660 

570 
605 
796 

1038 
1168 
1365 

662 

742 

474 
615 
695 

1 4 4 P r  695 
1487 
2186 

1.0 x 10' " 'Cd(28.9%)(n,y);  u = 0.14  h S h o r t  h a l f - l i f e  0 . 3 1  Low I; low u 
1.9  
0.9 

' ' 6Cd (7.6%) (n, 2n) ' 'In(95.8X) (n, p )  
3 

16 
72 

445 12'Te(0.089%)(n,y);  U = 0.14  b Low I ' "Te( 2.5%) (n, 2n) 
'Sb(57X) ( p ,  n) 

P r o d u c t i o n  method 

97 8800 S b ( 4 2 . 8 % ) ( n , y ) ;  u = 3.3 b S h o r t  h a l f - l i f e  
7 

14 
2 .4  
2.4 
3 
5 
2 

50 
7 

31 
10  
24 
11 

3 

23 
98 
99 

1 . 0  
1.9 
3.4 

85 

47 

45 
99 
99 

1.5 
0.29  
0 . 7  

Low E; low u ' "Sn(6.04) (n,  y) l Z  SmSn 
125mSn(8-)(9.1 m ) ;  u = 0 . 1  b ' 25Te(7.0%) ( n , p )  
F i s s i o n  product  ( low y i e l d )  

220 

Cs(lOO%)(n,y);  (J = 30 b Low I 1 3 3  51 

1250 F i s s i o n  p r o d u c t  

340 ' ~ r  (100%) (a, 2 4  
"'Nd (24%) ( p ,  zn) 
'"Sm(3.2X) (n ,p)  ' ' ' ~ r  (100%) (a, n) ' "Nd(24X) ( p ,  n) 
F i s s i o n  p r o d u c t  

6 1  

4220 

L w  E 

L w  E; p r o d u c t i o n  
method 

Lou E; p r o d u c t i o n  
method 

Low I 
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Concentration 
for 27,000 R 

Inten- After 2 Years 

Principal Gammas 

Energy 
(keV) 

Criterion for 
Rejection Possible Production Methods 

Cross Section 
Radionucl ide Hal f-Li f e Spikant-Barns 

(Decay Product) ( p w )  sity 
( X )  

'46~m 5.5 y 146Pm; u = 8400 453 
(146Nd; u = 1.4) 7 50 

I 4 empm 42 d '4e~m; u = 22,000 14emPm 413 
(14'Sm; u = 2.7) 551 

4 
l 4  '~m 5.4 d 

'"Eu 

' ' ' E "  

54 d 

6.2 y 

146Gd 4 50 d 
' 4 6 E ~  4.6 d 

6 30 
727 
916 
1015 
551 
914 
1465 

413 
551 
620 
720 
872 
917 
967 
1033 
1166 
1345 
1620 
439 
584 
740 
1049 
1248 
1347 

1 4 6 E ~  511 
6 34 
666 
710 
749 
900 
1058 
1160 
1298 
1408 
1535 

65 219 
65 
17 2.7 x io5 
95 

87 
36 
21 
20 
1.9 
1.1 
1.6 
18 22,000 

120 
90 
18 
7 
5 
5 
7 
5 
8 
11 

86 
60 
21 
9 
5 
4 

7 
77 
12 
13 
100 
8 
7 
6 
6 
5 
8 

' ' Nd (1 7%) (p, a )  Low E ;  production 
method 

Short half-life; ' 46Nd (17%) (n, y) 

14'Nd(ll d) (6-) l 4  7Pm 
'"Nd; u = 2 b i 14'Pm(2.6 y)(n,y) lrsmPm 
'"'~m(11.3%)(n,p) ' 'Eu(47.8%) (n, a) ' "Nd(5.7%) (p,n) 

low I 

176 Eu(48%) (n, 2n) 
'50~m(7.5%)(p,n) 

"Sm(3.2%) (a,  Zn) 44,500 

Short half-life; 
production method w 

m 

Low I; production 
method 

Short half-life; 
production method 



APPENDIX (continued) 

Concent ra t  i o n  P r i n c i p a l  Gammas 

Energy sity A f t e r  2 Years R e j e c t i o n  

Cross S e c t i o n  
R a d i o n u c l i d e  H a l  f-Li f e  Spikant-Barns 

(Decay P roduc t )  
C r i t e r i o n  f o r  P o s s i b l e  P roduc t ion  He thods  Inten- f o r  27.000 R 

( k e W  (%)  ( P P d  

' 5 2 E ~  1 4  Y '"Eu; a = 2300 
('52Sm; u = 206) 

779 
965  

1087 
1113 
1408 

593 
724 
759 
876 

1000 
1278 

782 
950 

1110 
1190 

14  497 lS1Eu(48%)(n,y) ;  u = 5300 b High cross s e c t i o n  
15 
1 2  
14  
22 

Eu I 5 4  226 '53Eu(52.2%)(n,y) ;  U = 480 b High cross s e c t i o n  7.8 y '"Eu; 0 = 1500 
('"Gd; u = 85) 

6 
2 1  

5 
12  
31  
37 

' 58Tb 1200 y ("*Gd; u = 2.5)  10 42,200 
69 

2.2 
1.8 

' 5 9 ~ b ( 1 0 0 % ) ( n , 2 n )  Long h a l f - l i f e ;  
Dy(O.O52%)(n,y) lS7Dy low I; p r o d u c t i o n  ' 7Dy [EC ] 57Tb method c ' 57Tb(150 5 6  y)  (n,y) ' 'Gd (25%) ( p ,  n) 

'59Tb(100%)(n,y) ;  u = 46 b Low I; s h o r t  h a l f -  
l i f e  

16'Tb 7 2 . 1  d 16'Tb; U = 525 
( 1 6 ' D y ;  u = 61) 

(166Er;  u = 15)  1200 y 

879 
966 

1178 
1272 

529.8 
711.7 
810.3 
950.9 

1241.4 
1400.7 + 1427.1 

448 
630 
7 30 
820 
9 17 

1280 

637 

31  
31  
1 5  

7 

7,440 

1 6  6mH0 10 32,000 
59 
63  

3.0 
1.0 
1.1 

27 
14  
40 
88 

4 
3 

' 5Ho(100%) (n, y) ; u % l b  Long h a l f - l i f e ;  
low I 

16'Trn 1,330 ' 6 9 T m ( 1 ~ % )  (n,2n) ' 68Er(27%) ( p ,  n) 
Low I; p r o d u c t i o n  

method 
9 3  d ( I 6 ' E r ;  u = 1.95)  

173Lu  

4mLuJ- 
Lu 1 7 4  

1 . 3 7  y 

140  d 
3.6 y 

(17'Tb; u = 19)  

(17'Yb; u = 65) 

1 . 5  11.300 Low E; p r o d u c t i o n  

Lov I; p r o d u c t i o n  

method 

method 
1240 9 3,940 



APPENDIX (continued) 

Concentration 

After 2 Years 

Principal Gammas 
Criterion for 
Rejection Possible Production Methods Cross Section for 27,000 R 

Inten- 

( PPd 
sity 
( X I  

Energy 
(keV) 

Radionuclide Ha1 f-Lif e Spikant-Barns 
(Decay Product) 

Production method 172Hf 
172Lu 

'"Ta 

'8'mReC 
'''Re 

lSSw J 
lssne 

lS5oS 

Ig4Hg J. 
19'Au 

i 9 zmIr 
i 

1 9 2 ~ r  

lS21r 

' 9 r ~ s  i 
1 9 ~ 1 ~  

5 Y  
6.7 d 

115.1 d 

169 d 
38 d 

69.4 d 
17 h 

93.6 d 

s 1 . 3  y 
39.5 h 

-650 y 

74 d 

74.2 d 

('"Yb; o = 1.3) 172Lu 810 
900 
1090 

1122 
1189 
1222 
1231 

''*Re 793 
896 
904 

*''Re 633 
829 
932 
646 
875 

lg4Au 1469 
1596 
1887 
2044 

1 9 2 ~ r  468 
589 
604 
612 

468 
589 
604 
612 

1 9 2 ~ r  640 
939 
1160 
1480 
1700 

570 
1063 
1771 

21 
45 
60 

34 
16 
27 
13 

%? 7 
=12 
==28 

0.9 
0.3 
0.4 

80 
14 

3 
3 
4 
4 

49 
4 
9 
6 
49 
4 
9 
5 

1.0 
0.4 
0.8 
0.6 
0.2 

98 
77 
9 

High cross section '"Ta; 0 = 8200 
('"W; u = 20.7) 

1 8 1  Ta(lOO%)(n,y); 0 = 21 b 800 

Low E ;  production 
method 

('*'W; 0 = 1.8) 

'n6W(28.4%)(n,y)'a7W; a = 40 b 

lE7W(24 h ) ( n , y ) ;  a % 90 b 
'840s(0.018%)(n,y); 13 < 200 b ' a O s  ( 1.6%) (n ,2n) 
"*Re( 37%) (p,n) 

445 '97Au(100%)(p,4n) 

7.4 x 105 

2,800 

Low E ;  short 
half-life <2 

('BBos; a = 4.3) 
(la5Re; a = 112) Low E ;  production E- 

method 0 

(19'Au; u = ? )  Production method; 
low I 

Low E ;  long 
half-life 

55,000 

15,700 Low E; short 
half-life 

6.0 y 
17 h 

8,400 LOW I ('94Pt; u = 1.2) 

209Bi(100%) (a, 2n) "At 
211At(7.2 h)(41% 0 )  
207Pb(22%)(p,n) 

2 0 7Bi 30 Y ('07Pb; a = 0.7) 749 Production method 



APPENDIX (continued) 

P r i n c i p a l  Gammas 
Cross  S e c t i o n  

R a d i o n u c l i d e  Hal f -Li fe  Spikant-Barns 
(Decay Product )  

C o n c e n t r a t i o n  
f o r  27,000 R 

Inten- A f t e r  2 Years  

- 
C r i t e r i o n  f o r  

R e j e c t i o n  P o s s i b l e  P r o d u c t i o n  Methods 

( p p d  
s i t y  Energy 

(I) (keV) 

Low E; l o w  I; 1 0 3  y ('"Bi; a = 0.034) 910 0.5 8 . 2  x i o 5  2 0 9 B i ( 1 0 0 % )  ( p , n )  
p r o d u c t i o n  method 

' 9~~ 

Long h a l f - l i f e  

"*Th(lOO%) (n,Zn) ' 'Th 
'"Th(25 h)(B-) 2 3 1 P a  

2 3 1 ~ a ( n , y ) ( ~  2 3 2 ~ ;  

2 3 5 u  (y  ,3n) 

a 2 1 . 5  b;-E = S 1 3  MeV 

u = 200 b 

2 3 2 U ;  a = 7 3 . 1  ' l ' B i  727 7 2800 74 Y 2 3 Z U  

('"Th; a = 123) 785 1.1 
1620 1 . 8  

583 31 
860 4 

2614 36 

"'T1 511 8 
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