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T h i s  report w a s  prepared a s  an account of Government sponsored work. Netther the United States, 1 
no1 

A. 

B. 

A S  

the Commission, nor any person act ing on beholf of the Commission: 

Makes ony warranty or representation, expressed or implied, w i th  respect  t o  the accuracy,  

completeness, or usefulness of the information contoined ~n t h i s  report, or thot  the use of 

ony information, apparatus, method, or process d isc losed i n  th i s  report may not in f r inge 

pr ivate ly  owned r ights; or 

Assumes any l i a b i l i t i e s  w i t h  respect  t o  the use of, or for damages resu l t i ng  from the  use of 

a n y  information, opporotus, method, or process d isc losed i n  t h i s  report. 

used i n  the above, "person act ing on behalf of the Commission' '  inc ludes ony employee or 

contractor of the Commission, or employee of such contractor, t o  the extent  thot  such employee 

or contractor of the Commission, or employee of  such controctor prepares, disseminates, or 

prov ides a c c e s s  to, any information pursuant t o  his employment or contract  w i t h  the Commission, 

or h i s  employment w i th  such contractor. 
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SUMMARY 

This  r e p o r t  i s  t h e  second i n  a s e r i e s  t h a t  i s  being issued 

semiannually t o  inform t h e  heavy-element community of t h e  s t a t u s  and t h e  

f u t u r e  product ion p l a n s  of t h e  Transuranium Element Production Program a t  

ORNL. The o b j e c t i v e  of t h e s e  r e p o r t s  i s  t o  provide information t h a t  w i l l  

enable  u s e r s  of t h e  products  t o  o b t a i n  maximum s e r v i c e  from t h e  produc- 

t i o n  f a c i l i t i e s  a t  ORNL. Product ion p l a n s  and schedules  a r e  d e f i n i t e l y  

e s t a b l i s h e d  only f o r  t h e  s h o r t  term; long-range p l a n s  can be (and a r e )  

markedly in f luenced  by feedback from r e s e a r c h e r s .  

The t o t a l  m o u n t s  of t ransuranium elements processed during t h e  

p e r i o d  J u l y  1, 1968, t o  December 31, 1968, a r e  ( approx ima te ly ) :  

242Pu, 90 g of 243Am, 1 4 1  g of 2 4 4 C m ,  7 mg of 2 5 2 C f ,  1 mg of 249Bk, 49 pg 

of 2 5 3 E s ,  and lo8 atoms of 257Fm. 

9.26 g of 243Am, 22 g of 2 4 4 C m ,  93 ug of 2 4 8 C m ,  855 pg of 249Bk, 48 ug 

of i s o t o p i c a l l y  pure 2 4 9 C f ,  18 pg of 2 5 0 C f  (72 pg t o t a l  c a l i f o r n i u m ) ,  

3.2 mg of 2 5 2 C f ,  4 .5  pg of i s o t o p i c a l l y  pure 2 5 3 E s ,  31.5 ug of 2 5 3 E s  con- 

t a i n i n g  some 254Es and 255Es, and 7 x lo7 atoms of 257Fm. 

17 g of 

We made 50 shipments,  which t o t a l e d :  

We a n t i c i p a t e  t h e  product ion of about 4.7 mg of 249Bk, 48 mg of 

252Cf, 507 pg of 2 5 3 E s ,  and 7 x lo8 atoms of 257Fm during t h e  next eigh- 

t e e n  months. We expect t o  produce a t o t a l  of about 1 g of ca l i fo rn ium by 

about 1973. 

The p rocesses  and equipment t h a t  a r e  used i n  TRU a r e  being modi- 

f i e d  from t ime t o  t i m e  as our knowledge i n c r e a s e s .  The c u r r e n t  sequence 

of p rocess  s t e p s  i s  as fo l lows :  (1) a f e e d  s o l u t i o n  i s  prepared by d i s -  

so lv ing  i r r a d i a t e d  t a r g e t s ;  ( 2 )  t h e  plutonium i s  recovered us ing  a ba tch  

so lven t  e x t r a c t i o n  p rocess  (Pubex);  ( 3 )  t h e  t ransplutonium elements a r e  

decontaminated from f i s s i o n  products  by coun te rcu r ren t  so lven t  e x t r a c t i o n  

(Tramex); (4) t h e  americium and curium a r e  sepa ra t ed  from t h e  t ranscurium 

elements by ion  exchange o r  so lven t  e x t r a c t i o n ;  ( 5 )  t h e  t ranscurium e l e -  

ments a r e  sepa ra t ed  from each o t h e r  by chromatographic e l u t i o n  wi th  a- 

hydroxyisobutyrate  from a high-pressure ion  exchange column; ( 6 )  t h e  

plutonium, americium, and curium a r e  converted t o  oxide microspheres,  u s ing  

. 
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a s o l - g e l  t echn ique ;  and ( 7 )  t h e  microspheres are f a b r i c a t e d  i n t o  HFIR 

t a r g e t s ,  by remote means, f o r  r e i r r a d i a t i o n  t o  produce more t r anscu r ium 

elements . 
We were a b l e  t o  i n c r e a s e  t h e  y i e l d  of 2 5 3 E s  from 2 5 2 C f  i r r a d i a -  

t i o n s  by f a b r i c a t i n g  t h e  ca l i fo rn ium i n t o  r a b b i t s  i n s t e a d  of our  u s u a l  

t a r g e t s .  This  type of assembly pe rmi t s  i r r a d i a t i o n  of any d u r a t i o n  

wh i l e  t h e  r e a c t o r  i s  a t  f u l l  power. For example, we can i r r a d i a t e  t h e  

ca l i fo rn ium f o r  2 t o  3 days t o  approach t h e  equ i l ib r ium 2 5 3 C f  con ten t  

and t h e n  withdraw t h e  r a b b i t  f o r  10 t o  18 days t o  a l low t h e  2 5 3 C f  t o  

decay t o  2 5 3 E s .  

We a r e  developing a nondes t ruc t ive  method f o r  a s say ing  t h e  2 5 2 C f  

content  of neutron sources  and ca l i fo rn ium shipping c o n t a i n e r s .  Weighed 

aluminum d i s c s  a r e  a c t i v a t e d  by fas t  neutrons emi t t ed  by 252Cf and t h e n  

assayed by gamma-ray spectrometry f o r  t h e  a c t i v a t i o n  product , 2 4 N a .  

Although we need t o  improve t h e  c a l i b r a t i o n  of t h e  method, t h e  p r e c i s i o n  

i s  e x c e l l e n t  f o r  sou rces  con ta in ing  more t h a n  a few hundred micrograms of 

2 5 2 C f .  

No a d d i t i o n a l  t a r g e t  f a i l u r e s  have occurred i n  t h e  HFIR even 

though a number of t a r g e t s  have been i r r a d i a t e d  t o  higher  burnups t h a n  

we had e s t ima ted  would be needed t o  cause f a i l u r e .  

The s e r v i c e s  a v a i l a b l e  a t  TRU are used t o  p repa re  s p e c i a l  mater- 

i a l s  t h a t  are not  normally produced i n  main-line e f f o r t s .  Four r a b b i t s  

con ta in ing  253Es w e r e  prepared and i r r a d i a t e d  i n  t h e  HFIR t o  produce 

39.3-hr 254mEs f o r  u se  a t  ANL i n  s tudying t h e  energy l e v e l  s t r u c t u r e  of 

t h e  decay p roduc t ,  250Bk. 

w a s  f a b r i c a t e d  f o r  t h e  Heal th  Physics  Div i s ion  a t  ORNL t o  be used i n  

measuring t h e  gamma and neutron leakage from d u p l i c a t e s  of t h e  f i r s t  

atomic bombs exploded i n  World War 11. 

A neutron source con ta in ing  400 pg of 2 5 2 C f  

The v a l u e s  t h a t  we use  f o r  transuranium-element decay d a t a  and 

f o r  c r o s s - s e c t i o n  d a t a  i n  planning i r r a d i a t i o n - p r o c e s s i n g  c y c l e s ,  c a l -  

c u l a t i n g  p roduc t ion  f o r e c a s t s ,  and assaying products  a r e  t a b u l a t e d  i n  

t h e  Appendix. 
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1. INTRODUCTION 

. 

c 

This  r e p o r t  i s  t h e  second i n  a s e r i e s '  t h a t  i s  being i s sued  

semiannually t o  inform t h e  heavy-element community of t h e  s t a t u s  and t h e  

f u t u r e  product ion p l a n s  of t h e  Transuranium Element Production Program a t  

ORNL. The o b j e c t i v e  of t h e s e  r e p o r t s  i s  t o  provide information t h a t  w i l l  

enable  u s e r s  of t h e  products  t o  o b t a i n  m a x i m u m  s e r v i c e  from t h e  p roduc t ion  

f a c i l i t i e s  a t  ORNL. Product ion p l a n s  and schedules  a r e  d e f i n i t e l y  es tab-  

l i s h e d  only f o r  t h e  s h o r t  t e r m ;  long-range p l a n s  can be (and are) markedly 

in f luenced  by feedback from r e s e a r c h e r s .  

TRU o p e r a t i o n s  during t h e  r e p o r t  p e r i o d  are summarized. Q u a n t i t i e s  

of m a t e r i a l s  t h a t  were produced, processed,  and shipped are s p e c i f i e d ,  and 

proposed p rocess ing  schedules  and a n t i c i p a t e d  y i e l d s  of v a r i o u s  products  

a r e  p re sen ted .  The Appendix con ta ins  a t a b u l a t i o n  of t h e  v a l u e s  of nuc lea r  

parameters which were used as input  d a t a  f o r  c a l c u l a t i o n s  of product ion 

rates f o r  t ransuranium elements;  a t a b u l a t i o n  of t h e  parameters which were 

used t o  c a l c u l a t e  t h e  s p e c i f i c  a c t i v i t i e s  of t h e  i s o t o p e s  t h a t  are of 

i n t e r e s t  t o  TRU i s  a l s o  included.  S p e c i a l  p rocess ing ,  f a b r i c a t i o n ,  and 

i r r a d i a t i o n  programs are desc r ibed .  

2. PROCESSING SUMMARY AND PRODUCTION ESTIMATE 

The i s o t o p i c  concen t r a t ions  of t h e  v a r i o u s  t ransuranium elements 

a r e  not c o n s t a n t ,  b u t  a r e  f u n c t i o n s  of i r r a d i a t i o n  h i s t o r i e s  and decay 

t imes .  We have s e l e c t e d  one i s o t o p e  of each element t o  u s e  i n  making 

material ba l ances  f o r  t h e  i s o t o p i c  mixtures  t h a t  w e  u s u a l l y  handle.  Thus 

we u s u a l l y  t r a c e  curium by t h e  i s o t o p e  2 4 4 C m .  

242Pu, 243Am, 249Bk, 2 5 2 C f ,  and 2 5 3 E s  are t h e  i s o t o p e s  used f o r  t r a c i n g  

t h e  corresponding elements.  Throughout t h i s  r e p o r t ,  we are d i scuss ing  

mixtures  of i s o t o p e s  when we do not  s t i p u l a t e  " i s o t o p i c a l l y  pure." 

Except i n  s p e c i a l  i n s t a n c e s ,  
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2.1 Processing Summary 

Two major processing campaigns were carried out during the past 

six months (Table 2.1): (1) We completed the processing of a raffinate 

solution that resulted from plutonium recovery processing at the Savan- 

nah River Plant (SRP). About 275 ug of californium of unusual isotopic 
composition (48% 249Cf, 25% 250Cf, 9% 251Cf, and 18% 252Cf) was recov- 
ered. 

stored for use in fabricating targets for irradiation in the HFIR. 

(2) We recovered 17 g of 242Puy 40 g of 244Cm, 1.2 mg of 249Bk, 6 mg of 
252Cf, 30 pg of 2 5 3 E s ,  and 7 x l o 7  atoms of 257Fm as purified products 

from 14 irradiated HFIR targets.2 

A mixture of about 90 g of 243h and 100 g of 244Cm is being 

Fifty shipments, which were made from TRU (see Table 2.2) during 

this period, included: 

had been separated and purified; (2) 1.0 g of 244Cm that contained about 

4% 245Cm and 2.32 g of 244Cm that contained about 10% 246Cm (shipped to 
the Y-12 Plant for separation of the heavy curium isotopes); ( 3 )  93 ug 
of 248Cm (approximately 35% 248Cm); (4) 855 ug of 249Bk; (5) 48 pg of 
249Cf (isotopically pure) that had been "milked" from 249Bk; (6) 18 p g  

of 250Cf (72 pg of total californium) which was recovered from the long- 
decayed SRP raffinate solution; (7) 2.4 mg of 252Cf in a mixture of 
californium isotopes (75  to 80% 252Cf); (8) 750 ug of 252Cf that had been 

irradiated to 99% 252Cf; ( 9 )  4.5 pg of 253Es  (isotopically pure) that had 

been "milked" from californium; (10) 31.5 pg of 2 5 3 E s  containing some 

254Es; and (11) 7 x l o 7  atoms of 2571?m. 

(1) 9.26 g of 243Am and 18.85 g of 244Cm that 

As of December 31, 1968, our inventory of transuranium materials 
(exclusive of W I R  targets) was as follows: 

243Amy 222 g of 244Cmy 0.3 mg of 249Bk, 2.5 mg of 252Cf, and 7 ug of 
253Es.  

103 g of 242h, 183 g of 

. 
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Table 2.1. Amounts of Materials Processed During 
Major Campaigns in the Transuranium Processing Plant 
During the Period July 1, 1968, to December 31, 1968 

Listed values are measurements or estimates of feed solutions 

~ ~~~ 

Campaign Number 10 and 11 9 

Completion date December 1968 

Material processed Remainder of 
SRP solution 

Amounts processed 
242m ga 
2 4 3 h ,  g 
244ckn, ga 
249Bk, mg 
252cf, mg 
253Es  pg 

September 1968 

14 HFIR targets 

17.1 

40.6 
1.4 
6.9 
49 

a Americium and curium are not usually separated from each other. 
b275 ug of total californium was recovered (48% 249Cf, 25% 250Cf, 

9% 251Cf, and 18% 252Cf). 
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Table 2 . 2 .  D i s t r i b u t i o n  o f  Heavy Elements from t h e  
Transuranium Processing P l a n t  During t h e  Period J u l y  1, 1968, 

t o  December 31, 1968 

Shipped To 
Maj o r  Nuclide Date Ind iv idua l  S i t e  

.Americium-243. e 

7.18 
2.08 
9.26 

Curium-244, g 

4 .83 
4.10 
0.02 
9.90 

18.85 

1 2 -  6-68 L .  L .  Burger PN L 
12-6-68 R .  W .  Hoff LRL -L 

7-12-68 R .  W .  Hoff 
7-1 8-68 R.  D .  Kelsch 
8-19-68 bl .  Abraham 

11-13-68 R .  W .  Hoff 

Curium-244 (high 245Cm c o n t e n t ) ,  g 

LRL-L  
SRL 
ORNL -So 1 i d  S t  a t  e 
LRL -L 

0.10 
0.18 
0.18 
0.18 
0 .18  
0.18 
1.00 

9-11-68 S t a b l e  Isotopes OWL 
9-16-68 S t a b l e  Isotopes ORNL 
9-19-68 S t a b l e  Isotopes ORNL 
9-25-68 S t a b l e  Isotopes 0 RVL 
9-27-68 S t a b l e  Isotopes ORNL 

10-03-68 S t a b l e  I so topes  ORNL 

Curium-244 (high 246Cm c o n t e n t ) ,  g 

0 . 3 3  
0.48 
0.48 
1 . 0 3  
2.32 
- 

Curium-248. ue 

8-28-68 S t a b l e  Isotopes ORNL 

11-07-68 S t a b l e  Isotopes 0 RNL 
11-05 -68 S t a b l e  I so topes  ORNL 

11 -19-68 S t a b l e  I so topes  ORNL 

93 (-35% 248~m) 8-0 1-68 C .  E .  Bemis ORNL-TRL 
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Table  2.2 (cont inued)  

Shipped To 
Major Nucl ide Date I n d i v i d u a l  S i t e  

Berkelium-249, pg 

14 0 
140 
155 
140 
140 
14 0 
855 
- 

Californium-249 
( i s o t o p i c a l l y  pu re ) ,  pg 

48 

Californium-250, pg 

18 (72 pg t o t a l  Cf) 

Californium-252, pg 

420 
10 

900 

20 
200 

10 
10 

5 33 
1 

319 
0.8 
6 

1 .5  

3 .6  

2434.9 

8-14-68 
8-14-68 
8-14-68 
8-14-68 
8-14-68 
8-14-68 

10- 11- 6 8 

7-12-68 

8-27-68 
9- 0 3- 68 
9-16-68 
9- 30-6 8 

10-03-6 8 
10-03-68 
10- 04- 6 8 
10-10-68 
10- 30- 6 8 
11- 13- 6 8 
11-14-68 
11-26-68 
12-07-68 
12-07-68 

Californium-252 
( i r r a d i a t e d  t o  99% 252Cf) ,  ug 

750 7-18-68 

P. F i e l d s  ANL 
M.  L.  Hyder SRL 
R. A. Penneman LASL 
R. W .  Hoff LRL-L 
B. Ciinningham LRL-B 
R. D.  Baybarz ORNL-Chem. Tech. 

A.  Ghiorso 

A. Ghiorso 

J. A. Auxier 
I so topes  S a l e s  
Product ion  Support  
A. R. Boulogne 
M .  L .  Perlman 
E.  D.  Clayton 
P.  F i e l d s  
Product ion  Support  
I so topes  Sales 
R. A. L a t i m e r  
R. L.  Ferguson 
R.  F. Barnes 
B. Weaver 
I so topes  Sales 

LRL-B 

LFU-B 

ORNL-HP 
ORNL 
ORNL-TRU 
S RL 
BNL 
PNL 
ANL 
ORNL 
ORNL 
LRL-B 
0RNI.-Chemi s t ry  
ANL 
ORNL-Chem. Tech 
OWL 

Product ion  Support  ORNL 



6 

Table 2.2 (continued) 
_ _  . _ _  

Maior Nuclide Date 
Shipped ‘Io 

I n d i v i d u a l  S i t e  

Einsteinium-253 
( i s o t o p i c a l l y  p u r e ) ,  p g  

1 . 8  8-12-68 R .  D .  Baybarz 
0.9 ( i r r a d i a t e d )  9 -0 3- 68 H .  Diamond 
0 . 9  ( i r r a d i a t e d )  9-23-68 H .  Diamond 
0.9 ( i r r a d i a t e d )  10-2 8-68 H .  Diamond 
4 . 5  
- 

Einsteinium-253, ug 

26 
2 . o  
2.5 
1 .o  

31 .5  

7-26-68 R .  A .  Latimer 
8-12-68 P .  F i e lds  
8-12-68 B .  S i l v a  
8-12-68 L .  Nugent 

OWL-Chem. Tech. 
ANL 
ANL 
ANL 

LRL -B 
ANL 
ORNL-TRL 
ORNL -TRL 

Fermium-257, atoms 

6 x l o 7  7-25-68 E .  K .  Hulet  LRL-L 
1 i o 7  8-01-68 C .  E .  Bemis ORNL-TRL 

7 i o 7  
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2.2 Irradiation and Processing Proposals 

The estimated future production rates of transcurium elements are 

given in Table 2.3. The estimate for californium is based on the assump- 

tion that 80% of all of the curium isotopes that are recovered during each 

processing campaign are recycled to the H F I R  for transcurium element pro- 

duction. 

product shipments (which include, in some cases, mass separation in the 

calutrons to concentrate heavy isotopes) and processing losses. 

The other 20% has been assumed to be accounted for through 

Six americium-curium targets will be processed in March 1969, after 

Each target originally contained 4.4 g 
We expect 

an eight-month irradiation period. 

of 244Cm, 0.3 g of heavier curium isotopes, and 0.8 g of 243Am. 

to recover 0.8 mg of 249Bk, 8 mg of 252Cf, and 61 pg of 2 5 3 E s  as purified 

products. 

At about the same time, we expect to obtain about 18 pg of einstein- 

ium from the irradiation of 2.3 mg of 252Cf in the H F I R  hydraulic rabbit 

facility. 

In August 1969 we will process six plutonium targets that will have 

We expect to recover 0.7 mg of 249Bk, 5 mg been irradiated for two years. 

of 252Cf, and a total of 29 pg of 253Es. About 48 pg of 2 5 3 E s  will also 

be produced during August 1969 from the irradiation of 252Cf in the H F I R  

hydraulic rabbit facility. The use of the rabbit facility for making short 

irradiations is important because the effective half-life of 253Cf (the 

parent of 253Es) in the reactor is only 2.1 days due to its high fission 

cross section. 

In December 1969 we expect to process nine plutonium targets and 

recover 0.9 mg of 249Bk, 6 mg of 252Cf, and 35 pg of 2 5 3 E s .  

of 253Es will be produced during December 1969 from the irradiation of 

252Cf in the H F I R  hydraulic rabbit facility. 

About 75 pg 

The curium from six targets that will be processed in March 1969 

will be used to fabricate two third-cycle targets. We expect to recover 

about 1 mg of 249Bk, 15 mg of 252Cf, and 86 ug of 2 5 3 E s  from these targets 

in April 1970. This particular curium will be a very fertile source of 

transcurium elements because it will be rich in 246Cm and 248Cm. Also, 



T a b l e  2.3. Es t ima ted  F u t u r e  P r o d u c t i o n  of T ranscur ium E lemen t s  

P e r i o d  P r o c e s s i n g  Campaign 

252Cf P r o d u c t  i o n  
P r o d u c t s  of Campaigns 
249Bk 252cf 253Esa I n  P e r i o d  Cumulat ive Da te  P r o d u c t s  

Through December 1968 

J a n u a r y  - J u n e  1969 

J u l y  - December 1969 

J a n u a r y  - J u n e  1970 

J u l y  - December 1970 

1971  

1972 

1973 

1974 

6 Cm t a r g e t s  (second c y c l e )  
H y d r a u l i c  r a b b i t s  (Cf i r r a d i a t i o n )  

6 Pu t a r g e t s  
H y d r a u l i c  ra b i t s  (Cf i r r a d i a t i o n )  
9 Pu t a r g e t s  
H y d r a u l i c  r a b b i t s  (Cf i r r a d i a t i o n )  

2 Cm t a r g e t s '  ( t h i r d  r e c y c l e )  
6 Pu t a r g e t s b  
H y d r a u l i c  r a b b i t s  (Cf i r r a d i a t i o n )  

b 

E 

0 . 8  
-- 

1 . 0  
1 . 3  -- 

8 49(12)  
-- 1 2 ( 6 )  

5 25(4)  
-- 32(16)  
6 30(5)  
-- 50(25)  

1 5  75(11)  
1 4  70(10)  
-- 50 (25)  

8 

11 

29 

75 

150 

300 

450 

600 

11 

19 

30 

59 

134 

284 

584 

1034 

1634 

March 1969 
March 1969 

August 1969 
August 1969 
December 1969 
December 1969 

A p r i l  1970 
A p r i l  1970 
A p r i l  1970 

CD 

Amounts from i n i t i a l  s e p a r a t i o n .  Amounts "milke8" *rev cali'oyn;um vro+ct, fractj on ncte- decav p e r i o d  are g i v e n  a 

bEach of t h e  t a r g e t s  o r i g i n a l l y  c o n t a i n e d  8 g of p lu ton ium (95.7% 242F'u) as h o g .  

'These t a r g e t s  w i l l  c o n t a i n  unburned curium from t h e  6 Cm t a r g e t s  t o  b e  p r o c e s s e d  i n  March 1969. 

i n  p a r e n t h e s e s .  

. 
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, 

i n  A p r i l  1970, about 1 . 3  mg of 249Bk, 14 mg of 2 5 2 C f ,  and 80 pg of 253Es  

w i l l  be  recovered from s i x  plutonium t a r g e t s  t h a t  were s p e c i a l l y  f a b r i -  

ca t ed  i n  1967 t o  determine whether lower amounts of a c t i n i d e s  p e r  t a r g e t ,  

and/or lower p e l l e t s  d e n s i t i e s ,  would prevent  t a r g e t  r u p t u r e  during i r r a d -  

i a t i o n .  A t  t h e  t ime of t h e i r  d i s s o l u t i o n ,  t h e  s i x  t a r g e t s  w i l l  have been 

i r r a d i a t e d  two full-power y e a r s .  

during A p r i l  1970 from t h e  i r r a d i a t i o n  of 252Cf i n  t h e  HFIR hydrau l i c  

r a b b i t  f a c i l i t y .  

About 75 vg of 253Es  w i l l  b e  produced 

2.3 Es t ima tes  of t h e  A v a i l a b i l i t y  of Transuranium Elements 

Although plutonium, americium, and curium a r e  u s u a l l y  considered 

t o  be i n t e r m e d i a t e  f eed  materials r a t h e r  t h a n  p roduc t s ,  we r o u t i n e l y  p u r i f y  

and d i s t r i b u t e  i s o t o p e s  of t h e s e  elements ( p r i m a r i l y  242Pu, 243h, and 

2 4 4 C m ) .  

i s o t o p e s ,  2 4 6 C m ,  247Cm, and 2 4 8 C m ,  f o r  experimental  work s i n c e  t h e s e  i so -  

t o p e s  a r e  ve ry  f e r t i l e  f e e d  m a t e r i a l s  f o r  t h e  product ion of t ranscurium 

elements.  The removal of a l a r g e  f r a c t i o n  of t h e  a v a i l a b l e  heavy curium 

i s o t o p e s  from t h e  product ion l i n e  would r e s u l t  i n  a d r a s t i c  r e d u c t i o n  i n  

t h e  product ion r a t e  of t r anscu r ium elements.  

We expect t o  provide only s m a l l  q u a n t i t i e s  of t h e  heavy curium 

2 .3 .1  Berkelium 

About 4.7 mg of 249Bk w i l l  be  a v a i l a b l e  during t h e  next 18 months: 

0.8 mg i n  March 1969, 0.7 mg i n  August 1969, 0.9 mg i n  December 1969, and 
2.3 mg i n  A p r i l  1970. It would. b e  p o s s i b l e  t o  i n c r e a s e  t h e  r a t e  of produc- 

t i o n  of berkelium if i r r a d i a t i o n - p r o c e s s i n g  schedules  w e r e  optimized f o r  

t h e  p roduc t ion  of berkelium i n s t e a d  of ca l i fo rn ium.  However, t h i s  would 

cons ide rab ly  dec rease  t h e  a v a i l a b i l i t y  of ca l i fo rn ium.  

2.3.2 Californium 

We expect t o  produce 48 mg of mixed ca l i fo rn ium i s o t o p e s  (about  

80% 2 5 2 C f )  dur ing t h e  next  18 months: 

l a s t  h a l f  of 1969, and 29 mg i n  A p r i l  1970. 

8 mg i n  March 1969, 11 mg i n  t h e  



I U  

The product ion of i s o t o p i c a l l y  pure 249Cf by "milking" 249Bk i s  

not a n t i c i p a t e d  i n  t h e  next 18 months because we expect t o  s h i p  a l l  of 

t h e  berkelium as soon as it becomes a v a i l a b l e .  

2.3.3 Einsteinium 

W e  expect t o  recover  6 1  pg of 2 5 3 E s  ( abou t  0.3% 2 5 4 E s  and 0.06% 

2 5 5 E s )  i n  March 1969, 57 pg i n  August 1969, 80 pg i n  December 1969, and 

195 pg i n  A p r i l  1970. These amounts w i l l  come from both HFIR t a r g e t s  and 

r a b b i t s  i r r a d i a t e d  i n  t h e  HFIR hydrau l i c  r a b b i t  f a c i l i t y .  

A f t e r  t h e  mixture  of e ins t e in ium i s o t o p e s  has  been sepa ra t ed  from 

t h e  p u r i f i e d  ca l i fo rn ium,  t h e  l a t t e r  w i l l  be  s t o r e d  t o  a l low 2 5 3 E s  t o  

grow i n  from t h e  decay of 253Cf; t h e n  t h e  second-growth 2 5 3 E s  w i l l  be  

recovered.  

be "milked" from t h e  ca l i fo rn ium t h a t  w i l l  be  i s o l a t e d  i n  March 1969, 
August 1969, December 1969, and A p r i l  1970 r e s p e c t i v e l y .  

About 18, 20, 30, and 46 pg of i s o t o p i c a l l y  pure 2 5 3 E s  w i l l  

2.3.4 Fermium 

Approximately 1 . 5  x lo7 atoms of 257F'm p e r  mi l l i g ram of 2 5 2 C f  w i l l  

be  p r e s e n t  i n  each ba tch  of ca l i fo rn ium t h a t  w i l l  be recovered.  

about 7 . 2  x l o 8  atoms w i l l  be produced during t h e  next 18 months: 1 . 2  x lo8 

atoms i n  March 1969, 1 .7  x l o 8  atoms i n  t h e  l a s t  h a l f  of 1969, and 4.3 x lo8 

atoms i n  A p r i l  1970. 

Thus, 

3.  PROCESSES ANI? EQUIPMENT 

The p rocesses  and equipment t h a t  a r e  used i n  TFXJ are modified from 

t ime t o  t i m e  as ou r  knowledge i n c r e a s e s .  These mod i f i ca t ions  range from 

t r i v i a l  changes ( i . e . ,  changing t h e  concen t r a t ion  of a p rocess  stream) t o  

s i g n i f i c a n t  ones ( i . e . ,  u s i n g  a completely new p rocess  t o  perform one of 

t h e  p rocess ing  s t e p s ) .  

Figure 3.1 i s  a block diagram showing t h e  p rocess ing  s t e p s  t h a t  a r e  

r e q u i r e d  f o r  t ransuranium element product ion.  These s t e p s  are:  (1) t h e  
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Fig. 3.1. Processing Steps Used for Transuranium Element Production. 
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p r e p a r a t i o n  of a f eed  s o l u t i o n  by d i s s o l v i n g  i r r a d i a t e d  t a r g e t s ;  ( 2 )  t h e  

recovery of plutonium; ( 3 )  t h e  decontamination of t h e  t ransplutonium e l e -  

ments; (4) t h e  s e p a r a t i o n  of americium and curium from t h e  t r anscu r ium 

elements;  ( 5 )  t h e  s e p a r a t i o n  and p u r i f i c a t i o n  of berkelium, ca l i fo rn ium,  

e ins t e in ium,  and fermium; (6) t h e  p r e p a r a t i o n  of americium-curium oxide 

microspheres by a so l -ge l  p rocess ;  and ( 7 )  t h e  f a b r i c a t i o n  of t a r g e t s  t o  

be i r r a d i a t e d  i n  t h e  H F I R .  

The f i r s t  f o u r  p rocess ing  s t e p s ,  p l u s  t a r g e t  f a b r i c a t i o n ,  are being 

performed r o u t i n e l y  i n  t h e  main TRU o p e r a t i n g  f a c i l i t i e s .  P l an t - sca l e  

equipment f o r  making americium-curium oxide microspheres has been i n s t a l l e d  

and i s  ready f o r  i n - c e l l  t e s t i n g .  The s e p a r a t i o n  and p u r i f i c a t i o n  of t h e  

t ranscurium elements are being c a r r i e d  out i n  equipment t h a t  i s  i n s t a l l e d  

i n  t h e  chemical development c e l l  ( c e l l  5 )  i n  TRU. 

a t i o n s  and s p e c i a l  s e p a r a t i o n s  a r e  being performed i n  c e l l  5 and rin 

support ing s h i e l d e d  cave f a c i l i t i e s .  

Product f i n i s h i n g  oper- 

3.1 Target D i s s o l u t i o n  

The t a r g e t  d i s s o l u t i o n  procedure w a s  modified s l i g h t l y  t o  prevent  

c o r r o s i o n  of t h e  Zircaloy-2 d i s s o l v e r ,  T-70, by t h e  r a d i o a c t i v e  H C 1  solu- 

t i o n s .  Measurements t h a t  were made during campaigns, p l u s  l a b o r a t o r y  t e s t s ,  

had i n d i c a t e d  t h a t  Zircaloy-2 co r ros ion  r a t e s  were as high as 60 m i l s / y e a r  

i n  6 - M H C 1  a t  a s o l u t i o n  power d e n s i t y  (from a lpha  decay) of 37 w / l i t e r ,  

which i s  t y p i c a l  f o r  d i s s o l v e r  s o l u t i o n s .  

I n  t h e  new d i s s o l u t i o n  procedure,  t h e  aluminum ( j a c k e t s  and ma t r ix  

mater ia l )  w a s  d i s so lved  as u s u a l  i n  T-70 us ing  6 - M NaOH--3 - M NaN03 solu- 

t i o n .  Then, i n s t e a d  of d i s s o l v i n g  t h e  r e s i d u e  of a c t i n i d e  oxides by adding 

6 - M H C l  t o  T-70, which i s  made of Zircaloy-2,  w e  s l u r r i e d  t h e  oxides i n  

water by vigorous a i r  sparging and subsequent ly  t r a n s f e r r e d  them t o  a 

tantalum-l ined t a n k  f o r  t h e  a c i d  d i s s o l u t i o n  s t e p .  

Fourteen t a r g e t s ,  each of which o r i g i n a l l y  contained 8 g of Pu02 

(95.7% 242pU) , were d i s so lved  du r ing  t h i s  r e p o r t i n g  pe r iod  by u s i n g  t h i s  

new procedure.  



1 3  

3.2 Recovery of Plutonium 

No f u r t h e r  changes have been made i n  t h e  Pubex e x t r a c t i o n  p r o c e s s ,  

which i s  used f o r  r ecove r ing  plutonium. The plutonium i s  e x t r a c t e d  i n t o  

1 5 di(2-ethylhexy1)phosphoric ac id  (HDEHP) i n  diethylbenzene ( D E B ) .  Then 

di-tert-butylhydroquinone i s  used t o  reduce t h e  plutonium i n  t h e  organic  

phase so  t h a t  it can be s t r i p p e d  i n t o  concen t r a t ed  H C 1 .  

3 . 3  Firs t -Cycle  Solvent E x t r a c t i o n  Process (Tramex) 

The Tramex continuous so lven t  e x t r a c t i o n  process  i s  used t o  decon- 

t amina te  t h e  t ransplutonium elements from t h e  l an than ide  r a r e - e a r t h  

elements and o t h e r  major f i s s i o n  products .  I n  t h i s  p rocess ,  t h e  t r a n s -  

plutonium elements are e x t r a c t e d  from 11 M LiC1--0.2 M H C 1  s o l u t i o n  i n t o  

a s o l u t i o n  of Adogen 364-HP ( a  high-puri ty  t e r t i a r y  amine) i n  DEB d i l u e n t  

and are back-extracted i n t o  concentrated H C 1 .  

- - 

The equipment used f o r  Tramex w a s  r e p l a c e d ;  it w a s  becoming inc reas -  

i n g l y  d i f f i c u l t  t o  o p e r a t e  because of c o r r o s i o n ,  wear, and damage. The 

new equipment i s  d i f f e r e n t  from t h e  o l d  equipment i n  t h a t  it i s  designed 

t o  ope ra t e  with t h e  organic  phase cont inuous.  The primary advantage of 

having Tramex equipment t h a t  w i l l  o p e r a t e  wi th  t h e  organic phase continu- 

ous i s  t h a t  t h e  Hepex process  ( s e e  next s e c t i o n )  can be run i n  t h e  same 

equipment with only minor mod i f i ca t ions .  I n  t h e  case  of t h e  Tramex pro- 

c e s s ,  ve ry  l i t t l e  d i f f e r e n c e  w a s  noted between t h e  two modes of ope ra t ion .  

It w a s  e a s i e r  t o  c o n t r o l  t h e  i n t e r f a c e s  i n  t h e  organic-continuous equip- 

ment, and we c o r r e c t e d  t h e  d i f f i c u l t y  a s s o c i a t e d  w i t h  t h e  organic  overflow 

t o  t h e  off-gas  header from t h e  columns. However, t h e s e  o p e r a t i o n a l  improve- 

ments could have a l s o  been designed i n t o  new aqueous-continuous equipment. 

3.4 P a r t i t i o n i n g  of Ac t in ides  

The t ranscurium elements a r e  sepa ra t ed  from americium and curium 

by means of an anion exchange p rocess  i n  which t h e  a c t i n i d e s  and some 

i m p u r i t i e s  are sorbed on Dowex 1-XlO r e s i n  from a 12  M LiC1--0.1 M H C 1  - - 
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s o l u t i o n .  Nickel  and r a r e  earths a r e  e l u t e d  from t h e  r e s i n  wi th  1 0  M 

LiC1--0.1 - M NH20H'HC1--5 v o l  % CH30H; americium and curium are e l u t e d  wi th  

9 - M L i C l - - O . l  - M H C 1 ;  and t h e  t ranscurium elements a r e  e l u t e d  wi th  8 - M H C 1 .  

No changes have been made i n  t h i s  p rocess  s i n c e  t h e  l a s t  semiannual r e p o r t .  

- 

The Hepex so lven t  e x t r a c t i o n  p rocess  f o r  p a r t i t i o n i n g  a c t i n i d e s  w a s  

t e s t e d  i n - c e l l ,  u s ing  t h e  new Tramex equipment (modified s l i g h t l y ) ,  and 

w a s  found t o  be s a t i s f a c t o r y  f o r  u se  i n  TRU. A t e s t  made t o  demonstrate 

t h i s  p rocess  showed t h a t  it w a s  w e l l  s u i t e d  f o r  batches con ta in ing  l a r g e  

amounts (more t h a n  100 g )  of americium and curium. [We do not expect it 

t o  be used ve ry  o f t e n  a t  TRU because t h e  LiC1-based anion exchange p rocess  

i s  b e t t e r  s u i t e d  f o r  handl ing our u s u a l  ba t ch  s i z e s  ( 1 0  t o  30 g of ameri- 

cium p l u s  cu r ium) . ]  About 275 ug of ca l i fo rn ium w a s  s epa ra t ed  from 100 g 

of curium and 90 g of americium. M a t e r i a l  balances f o r  ca l i fo rn ium and 

curium w e r e  104% and 100.6% r e s p e c t i v e l y .  

r e s u l t e d  from our l a c k  of experience i n  o p e r a t i o n ,  caused t h e  ca l i fo rn ium 

product t o  be contaminated with curium and americium. However, i n  t h e  

e a r l y  p a r t  of t h e  run ,  p r i o r  t o  t h e  u p s e t s ,  t h e  ca l i fo rn ium decontamina- 

t i o n  f a c t o r  w a s  7000 ( t h e  r a t i o  of curium t o  ca l i fo rn ium i n  t h e  f eed  w a s  

7000 t imes t h e  r a t i o  i n  t h e  ca l i fo rn ium p r o d u c t ) .  

Two process  u p s e t s ,  which 

The f lowsheet  f o r  t h e  Hepex p rocess  i s  given i n  F i g .  3 .2 .  I n  t h i s  

p rocess ,  Tramex product s o l u t i o n  i s  a d j u s t e d  t o  Hepex f eed  ( 0 . 1 5  

1 - M L i C l ) ,  which i s  f e d  t o  t h e  t o p  of t h e  e x t r a c t i o n  column. 

curium a c t i n i d e s  a r e  e x t r a c t e d  i n t o  a s o l u t i o n  of 0.8 HDEHP i n  A ~ S C O  

125-82 d i l u e n t ,  which i s  f ed  t o  t h e  bottom of t h e  e x t r a c t i o n  column. The 

americium-curium--bearing aqueous phase flows out t h e  bottom of t h e  ex t r ac -  

t i o n  column t o  a product ca t ch  t a n k .  The so lven t  i s  pumped t o  t h e  sc rub  

column, where s m a l l  amounts of americium and curium a r e  removed w i t h  0 . 5  

H C 1 ;  t h e n ,  i n  t h e  s t r i p  column, t h e  t ranscurium a c t i n i d e s  are s t r i p p e d  i n t o  

5 - M H C 1 .  

H C l - -  

The t r a n s -  

3.5 Separa t ion  of Transcurium Elements 

Procedures t h a t  were desc r ibed  p rev ious ly  a r e  s t i l l  being used t o  

s e p a r a t e  and p u r i f y  t h e  t ranscurium elements.  The t ranscurium elements a r e  

sepa ra t ed  from one another  on a high-pressure ion  exchange column (Dowex 



ORNL DWG. 69- 4894 

I LiCl 
0.15 M HCI 
0.5 LITER/HR. 

/HR. 0.8 LITER/HR. 

EXTRACTANT 
0.8 M HDEHP 
IN AMSCO 125-8 
1.0 LITER/ HR. 

CURIUM 
TRANSCURIUM 

PRODUCT 
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50-X8 r e s i n )  by chromatographic e l u t i o n  w i t h  a-hydroxyisobutyrate.  

ca l i fo rn ium and berkelium product f r a c t i o n s  a r e  converted t o  8 M HNO3 

s o l u t i o n s  by c a t i o n  exchange. 

and p u r i f i e d  by u s i n g  a d d i t i o n a l  c y c l e s  of high-pressure i o n  exchange 

t r e a t m e n t ,  and t h e  f i n a l  product f r a c t i o n s ,  which are i n  a-hydroxyiso- 

b u t y r a t e  s o l u t i o n ,  a r e  converted t o  HNO3 s o l u t i o n s  by u s i n g  a c a t i o n  

exchange method. 

The 

- 
The e ins t e in ium and fermium are s e p a r a t e d  

3.6 P r e p a r a t i o n  o f  Ac t in ide  Oxides 

F igu re  3.3 i s  a photograph of a new equipment r a c k ,  which w a s  

i n s t a l l e d  i n  c e l l  4 i n  TRU, f o r  p repa r ing  americium and curium oxides  

by t h e  so l -ge l  t echn ique .  

as a s tand-in f o r  americium and curium, have shown t h e  equipment t o  b e  

s a t i s f a c t o r y .  

Out-of-cell t e s t s ,  i n  which europium w a s  used 

3.7 F a b r i c a t i o n  of Ta rge t s  

No t a r g e t s  o f  u s u a l  geometry f o r  i n s e r t i o n  i n t o  t h e  HFIR f l u x  t r a p  

were f a b r i c a t e d .  However, n ine  t a r g e t s  ( r a b b i t s )  were f a b r i c a t e d  f o r  

i r r a d i a t i o n  i n  t h e  HFIR hydrau l i c  r a b b i t  f a c i l i t y ;  f i v e  contained 2 5 2 C f  

( S e c t .  3 . 8 ) ,  and f o u r  contained 2 5 3 E s  ( S e c t .  4 . 1 ) .  A r a b b i t  f o r  t h e  

HFIR (F ig .  3.4) c o n s i s t s  of t a r g e t  m a t e r i a l  ( a c t i n i d e s  on some s o r t  of 

ma t r ix  material o r  i n  a q u a r t z  c a p s u l e )  encapsulated i n  one or  more 

aluminum p e l l e t s  t h a t  a r e  s e a l e d  i n  a support  t u b e  by welded end p l u g s .  

The support  t ube  i s  f a b r i c a t e d  from t u b i n g  similar t o  t h a t  used f o r  TRU- 

HFIR t a r g e t s .  

3.8 I r r a d i a t i o n  of 2 5 2 C f  t o  Produce 2 5 3 E s  

When t a r g e t s  con ta in ing  2 5 2 C f  were i r r a d i a t e d  f o r  t h r e e  t o  f i v e  

r e a c t o r  c y c l e s  i n  t h e  HFIR t a r g e t  i s l a n d  i n  o rde r  t o  produce 2 5 3 E s ,  w e  

found t h a t  t h e  disappearance c r o s s  s e c t i o n  of 2 5 2 C f  w a s  much h i g h e r  t h a n  

we had p r e v i o u s l y  e s t ima ted .  Thus, t h e  i r r a d i a t i o n  t imes t h a t  we had 
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. Fig. 3.3. Sol-Gel Equipment for Producing Actinide Oxide Microspheres, 
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been us ing  were much t o o  long f o r  optimum e ins t e in ium product ion,causing 

a s i g n i f i c a n t  f r a c t i o n  of t h e  ca l i fo rn ium t o  be consumed i n  nonproductive 

r e a c t i o n s .  

A r a b b i t  con ta in ing  1 . 5  pg of 252Cf w a s  i r r a d i a t e d  i n  t h e  hydrau l i c  

r a b b i t  f a c i l i t y  f o r  t h r e e  days t o  o b t a i n  d a t a  on t h e  c a p t u r e  c r o s s  s e c t i o n  

of 2 5 2 C f .  The a c t i v a t i o n  c r o s s  s e c t i o n  of 2 5 2 C f  ( t o  253Cf)  appeared t o  be 

about 20 b a r n s ,  which i s  i n  good agreement wi th  t h e  va lues  measured r e c e n t l y  

i n  t h e  Oak Ridge Research Reactor ( O R R )  by Bemis and Halper in .3 The va lue  

of 20 ba rns  i s  roughly one-half of t h e  t o t a l  disappearance c r o s s  s e c t i o n  

(40-50 b a r n s ) ,  as measured i n  s p e c i a l  t a r g e t s  e a r l y  t h i s  yea r . ’  We a r e  not 

s u r e  whether t h e  e a r l i e r  va lue  i s  i n  e r r o r ,  o r  whether t h e r e  i s  l o s s  by 

f i s s i o n i n g .  

i n  previous experiments,  we c a l c u l a t e d  a 2 5 3 C f  f i s s i o n  c r o s s  s e c t i o n  of 

1450 barns ;  t h i s  va lue  i n d i c a t e s  t h a t ,  dur ing i r r a d i a t i o n  i n  t h e  HFIR, more 

than  90% of t h e  2 5 3 C f  f i s s i o n s  be fo re  it decays to 2 5 3 E s .  

Taking t h e  s t e a d y - s t a t e  r a t i o s  of 253Cf t o  252Cf determined 

These s t u d i e s  have shown t h a t  t h e  optimum i r r a d i a t i o n  pe r iod  f o r  

producing 253Es i s  much s h o r t e r  t h a n  t h e  t h r e e  t o  f i v e  c y c l e s  used f o r  

t h e  s p e c i a l  ca l i fo rn ium t a r g e t s ;  i n  f a c t ,  it appears t o  be l e s s  t h a n  one 

r e a c t o r  c y c l e .  The re fo re ,  we experimented wi th  methods f o r  loading s i g -  

n i f i c a n t  amounts of 2 5 2 C f  i n t o  p e l l e t s  f o r  short- term r a b b i t  i r r a d i a t i o n s .  

A method us ing  Ce02 microspheres as a c a r r i e r  w a s  developed, and a r a b b i t  

con ta in ing  10 pg of 2 5 2 C f  w a s  f a b r i c a t e d  and i r r a d i a t e d  1 6  days t o  t e s t  t h i s  

concept.  Processing of t h e  i r r a d i a t e d  r a b b i t  r evea led  no d i f f i c u l t i e s ;  

consequent ly ,  we prepared our remaining 252Cf (approximately 2 .3  mg) i n  

a s i m i l a r  form f o r  i r r a d l a t i o n  t o  produce 253Es and heav ie r  i s o t o p e s .  

I n  t h e  method mentioned above, t h e  ca l i fo rn ium w a s  p r e c i p i t a t e d ,  

t h e n  d i s so lved  i n  a s m a l l  volume of 1 - M H N O 3 ,  and f i n a l l y  blended wi th  

6 m l  of C e ( O H ) 3  hydrosol .  The s o l  w a s  formed i n t o  g e l  microspheres by 

i n j e c t i n g  it from a sy r inge  i n t o  a beaker of s t i r r e d  2-ethylhexanol.  The 

g e l  microspheres were ca l c ined  a t  8oo0c, blended wi th  aluminum powder, and 

formed i n t o  f o u r  s t anda rd - s i ze  HFIR t a r g e t  p e l l e t s .  These f o u r  p e l l e t s ,  

con ta in ing  a t o t a l  of 2.3 mg 2 5 2 C f ,  were f a b r i c a t e d  i n t o  two H F I R  r a b b i t s ,  

which were loaded i n t o  t h e  hydrau l i c  t ube  on December 29 f o r  t h e  f i r s t  

i r r a d i a t i o n  pe r iod .  The r a b b i t s  w i l l  be  i r r a d i a t e d  two t o  t h r e e  days t o  
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produce 2 5 3 C f  and w i l l  t h e n  be withdrawn from t h e  r e a c t o r  f o r  1 0  t o  18 days 

t o  a l low t h e  253Cf t o  decay t o  2 5 3 E s .  This  c y c l e  w i l l  be  r epea ted  through- 
out January and February 1969 wi th  t h e  o b j e c t i v e  of producing e ins t e in ium 

t h a t  i s  r i c h  i n  t h e  heavy i so topes  2 5 4 E s  and 255Es and con ta ins  some 257Fm. 

F i n a l  d i scha rge  i s  scheduled f o r  February 20, 1969. 
A f i f t h  r a b b i t ,  which contained 1 0  pg of 2 5 2 C f  , w a s  f a b r i c a t e d  u s i n g  

a p e l l e t  prepared by t h e  e a r l i e r  t echn ique .  This r a b b i t  w i l l  be i r r a d i a t e d  

about seven days t o  o b t a i n  a d d i t i o n a l  d a t a  on c r o s s  s e c t i o n s  of c a l i f o r n -  

ium i s o t o p e s .  

3 .9  Analysis  of 2 5 2 C f  by Neutron A c t i v a t i o n  of Aluminum 

We are developing a nondes t ruc t ive  method f o r  assaying t h e  2 5 2 C f  

content  of neutron sources  and ca l i fo rn ium shipping c o n t a i n e r s .  A t  pre- 

s e n t ,  we have t o  depend on measurements of product and waste s o l u t i o n s  t o  

e s t i m a t e  t h e  amount of  2 5 2 C f  i n  a source or a shipping capsu le .  The non- 

d e s t r u c t i v e  method c o n s i s t s  i n  a c t i v a t i n g  weighed d i s c s  of aluminum by t h e  

f a s t -neu t ron  emissions from 2 5 2 C f  and t h e n  a s say ing  t h e  d i s c s  by gamma-ray 

spectrometry f o r  t h e  a c t i v a t i o n  product , 2 4 N a .  

hope t o  r e s o l v e ,  o r  bypass,by c a l i b r a t i o n  procedures a r e :  

of t h e  d e t a i l e d  neutron energy spectrum of 252Cf f i s s i o n ,  ( 2 )  u n c e r t a i n t y  

i n  t h e  f i n e  s t r u c t u r e  of energy-dependence of t h e  aluminum a c t i v a t i o n  c r o s s  

s e c t i o n ,  and ( 3 )  u n c e r t a i n t y  of t h e  geometry and e f f i c i e n c y  of count ing 

t h e  gamma-ray emissions from 2 4 N a .  

U n c e r t a i n t i e s ,  which we 

(1) u n c e r t a i n t y  

Four p e l l e t s  con ta in ing  2 5 2 C f  (which were made i n t o  HFIR rabbi t s )  

were t e s t e d ,  i n - c e l l ,  t o  determine t h e  neutron source s t r e n g t h  by alumi- 

num a c t i v a t i o n .  S i x  d i s c s  were exposed t o  each p e l l e t ,  a t  d i s t a n c e s  of 

1, 2 ,  and 4 i n .  on e i t h e r  s i d e .  Each d i s c  w a s  counted t w i c e .  The i n f e r r e d  

load ings  of t h e  p e l l e t s  ( i n  pg of 2 5 2 C f ) ,  and t h e  s t anda rd  d e v i a t i o n s ,  a r e  

t a b u l a t e d  below. 

P e l l e t  No. 

CE-1 
CE-2 
CE-3 
CE-4 

F i r s t  Counting Second Counting 

576 i 1.1% 
697 t 1.7% 
659 t 2.0% 

584 k 4.7% 
681 k 1.5% 
631 t 3.0% 

1019 t 1.1% - 1038 * 1.1% - 
T o t a l  2970 T o t a l  2915 
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Although subsequent measurements of s o l u t i o n s  of t h e  d i s so lved  

p e l l e t s  showed t h e  a c t u a l  content  w a s  somewhat lower,  t h e  p r e c i s i o n  i s  

e x c e l l e n t  f o r  sources  con ta in ing  a f e w  hundred micrograms of 252Cf. 

3.10 HFIR Target Rod F a i l u r e s  

No f u r t h e r  t a r g e t  f a i l u r e s  have been observed s i n c e  t h e  f i r s t  group 

of t a r g e t s ,  which had been i r radiated f o r  about one yea r  i n  a Savannah 

River P l a n t  r e a c t o r ,  f a i l e d  a f t e r  1 2 5  t o  175 days of a d d i t i o n a l  i r r a d i a -  

t i o n  i n  t h e  HFIR. 

The engineer ing model formulated t o  p r e d i c t  t a r g e t  f a i l u r e s ,  which 

w a s  d i scussed  i n  t h e  previous semiannual r e p o r t , '  i n d i c a t e d  t h a t  13 of the 

14 t a r g e t s  subsequent ly  processed i n  campaign 11 should f a i l  a t  a burnup 

of 0 .46 f i s s i o n  p e r  o r i g i n a l  plutonium atom. However, i n s p e c t i o n  of t h e  

t a r g e t s ,  a f t e r  i r r a d i a t i o n  t o  burnups of from 0.48 t o  0 .52  f i s s i o n  p e r  

o r i g i n a l  plutonium atom, d i s c l o s e d  no f a i l u r e s .  A similar t a r g e t  has  now 

been i r r a d i a t e d  t o  0.57 f i s s i o n  p e r  o r i g i n a l  plutonium atom without f a i l u r e .  

We p l a n  t o  cont inue i r r a d i a t i n g  t h i s  t a r g e t  u n t i l  t h e  sp r ing  of 1970 
(about 0.77 f i s s i o n  p e r  o r i g i n a l  plutonium atom) or u n t i l  t h e  c l add ing  

r u p t u r e s .  

4. SPECIAL PROJECTS 

Numerous p r o j e c t s  t h a t  a r e  being c a r r i e d  out by va r ious  groups a t  

ORNL and a t  o t h e r  s i t e s  r e q u i r e  t h e  s e r v i c e s  a v a i l a b l e  a t  TRU f o r  t h e  

p r e p a r a t i o n  of s p e c i a l  m a t e r i a l s  t h a t  a r e  not normally produced i n  t h e  

mainl ine e f f o r t s .  The phases of t h e s e  p r o j e c t s  involving a c t i v i t i e s  at 

TRU are r e p o r t e d  h e r e ;  t h e  end r e s u l t s  of t h e  r e s e a r c h  a r e  r epor t ed  e l s e -  

where. 

4.1 Einsteinium Rabbi ts  

Four r a b b i t s  con ta in ing  from 0.04 t o  0.9 ug of 2 5 3 E s  were prepared 

Our o b j e c t i v e  w a s  t o  produce 39.3-hr 254mEs f o r  i r r a d i a t i o n  i n  t h e  HFIR. 

f o r  u se  at  ANL i n  s tudying t h e  energy l e v e l  s t r u c t u r e  of t h e  alpha-decay 
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product ,  250Bk. 

i n  t h e  HFIR dur ing  J u l y ,  September (two i n t e r v a l s ) ,  and October. 

The r a b b i t s  were i r r a d i a t e d  f o r  2- t o  3-day i n t e r v a l s  

A f t e r  each r a b b i t  w a s  i r r a d i a t e d ,  it w a s  moved t o  TRU, de j acke ted ,  

and repackaged f o r  a i r - f r e i g h t  shipment t o  Chicago. It reached i t s  d e s t i -  

n a t i o n  about 24 h r  a f t e r  it had been discharged from t h e  HFIR. 

4 .2  F a b r i c a t i o n  of a Neutron Source Using Californium 

A s p e c i a l  neutron source ,  con ta in ing  400 ug of 2 5 2 C f ,  w a s  fabri-  

ca t ed  f o r  t h e  Heal th  Physics  Div i s ion  a t  ORNL f o r  u s e  i n  measuring t h e  

gamma and neu t ron  leakage from d u p l i c a t e s  of t h e  f i r s t  atomic bombs 

exploded during World War 11. 

could be ob ta ined  without a c t u a l l y  de tona t ing  t h e  bombs. 

By u s i n g  t h e  252Cf source ,  t h e s e  s p e c t r a  

The source w a s  i n  t h e  form of a doubly encapsulated l / b - i n .  p e l l e t ;  

t h e  f i r s t  encapsu la t ion  w a s  a 3/8-in.-diam aluminum t u b e ,  and t h e  second 

w a s  a 5/8-in.-diam s t a i n l e s s  s t e e l  capsu le .  

4.3 Curium f o r  I s o t o p e  Sepa ra t ion  

P o r t i o n s  of two ba tches  of curium, CMP-1OB and CMP-11 (see Table 4 . 1 ) ,  
were set  a s i d e  f o r  s e p a r a t i o n  of i s o t o p e s  i n  t h e  c a l u t r o n s  a t  t h e  Y - 1 2  

P l a n t .  The source of CMP-1OB w a s  t h e  curium recovered a t  PNL from t h e  

b l anke t  of t h e  Shippingport  Reactor .  The curium i n  CMP-11 w a s  recovered 

a t  TRU during campaign 11. These m a t e r i a l s  were p u r i f i e d  by carbonate  

p r e c i p i t a t i o n  ( t o  s e p a r a t e  t h e  americium from t h e  cu r ium) ,  followed by t h r e e  

success ive  o x a l a t e  p r e c i p i t a t i o n s  t o  p u r i f y  t h e  curium from most m e t a l l i c  

contaminants.  The o x a l a t e  w a s  f i r e d  t o  oxide ( b e l i e v e d  t o  be CmOl 7 2 )  a t  

800Oc f o r  4 h r  and was t h e n  loaded i n t o  g r a p h i t e  charging b o t t l e s  prepara-  

t o r y  t o  i n s e r t i o n  i n t o  t h e  c a l u t r o n .  

CMP-1OB inc reased  t h e  gamma dose r a t e  f o r  t h i s  ba t ch  s i g n i f i c a n t l y ,  t h u s  

prevent ing u s  from loading more t h a n  about 200 mg of curium p e r  b o t t l e  

(vs 500 mg of b a t c h  CMP-11). 

1.1 g of b a t c h  CMP-1OB by t h e  i s o t o p e  s e p a r a t i o n  group. 

CMP-11 y i e l d e d  about 11 mg of 95% 246Cm p l u s  s m a l l  amounts of m a t e r i a l  

enhanced i n  2 4 7 C m ,  2 4 8 C m ,  and 2 5 0 C m .  

The high 2 4 3 C m  con ten t  of ba t ch  

About 3 mg of 70% 2 4 5 C m  w a s  recovered from 

The 2.6 g of batch 
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. 

Table 4.1. Isotopic Compositions of Two Special Batches of Curium 

Isotope 
A t o m  % 

CMP-1OB CMP-11 

242Cm 

243Cm 

Cm 
244 

245cm 

Cm 246 

247cm 

Cm 248 

0.001 

1.48 

93.474 

3.94 

1.07 

0.019 

0.016 

-- 

aa .993 
0.759 

9.59 

0.264 

0.394 
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6 .  APPENDIX 

We have t a b u l a t e d  t h e  decay d a t a  and t h e  c r o s s  s e c t i o n  d a t a  t h a t  

we use  i n  planning i r r a d i a t i o n - p r o c e s s i n g  c y c l e s ,  c a l c u l a t i n g  product ion 

f o r e c a s t s ,  and a s say ing  p roduc t s .  These t a b u l a t i o n s  w i l l  b e  reproduced 

completely i n  each semiannual r e p o r t ,  and changes made s i n c e  t h e  preced- 

ing  r e p o r t  w i l l  be i n d i c a t e d .  We w i s h  t o  s t a t e  c l e a r l y  t h a t  t h e s e  d a t a  

are p resen ted  on a "bes t  e f f o r t s "  b a s i s .  

intended t o  be d e f i n i t i v e ,  it has not been checked and cross-checked 

s u f f i c i e n t l y  t o  be considered "publ ishable ."  

Although t h e  information i s  

The Transplutonium Element Product ion Program i s  now making n u c l i d e s  

a v a i l a b l e  i n  i n c r e a s i n g  abundance and p u r i t y ;  t h e r e f o r e ,  i n  t h e  next few 

y e a r s  we a n t i c i p a t e  a burgeoning l i t e r a t u r e  concerning nuc lea r  c o n s t a n t s  

f o r  t h e  t ransuranium nuc l ides .  However, s i n c e  we need such d a t a  a t  t h e  

p r e s e n t  t ime ,  it w i l l  not be f e a s i b l e  f o r  u s  t o  w a i t  u n t i l  h igh ly  r e l i a b l e  

sou rces ,  such as Lederer4 and Wapstra,' can p u b l i s h  d a t a  t h a t  have been 

f u l l y  evaluated.  

We welcome t e l ephone  c a l l s  t o  p o i n t  out e r r o r s  o r  i n d i c a t e  addi- 

t i o n a l  sources  of information.  

1872 o r ,  by commercial te lephone s e r v i c e ,  615-483-8611, e x t .  3-1872. 

P l ease  c o n t a c t  John Bigelow, FTS 615-483- 

6 .1  Decay Data 

Table A-1 i s  a l i s t  of a l l  n u c l i d e s  of i n t e r e s t  t o  t h e  Transplu- 

tonium Element Product ion Program, ( i . e . ,  a l l  t h a t  can be produced by 

neutron bombardment of 2 3 8 U ) .  The l i s t  inc ludes  va lues  f o r  h a l f - l i v e s  

and branching r a t i o s  o r  p a r t i a l  decay h a l f - l i v e s ,  along w i t h  l i t e r a t u r e  

r e f e r e n c e s ,  i f  t h e y  a r e  a v a i l a b l e .  I n  many c a s e s ,  t h e  h a l f - l i f e  of an 

i so tope  w a s  determined by r e l a t i n g  it t o  t h e  h a l f - l i f e  of some o t h e r ,  

r e f e rence  i s o t o p e .  I n  a few c a s e s ,  a newer va lue  has been accepted f o r  

t h e  h a l f - l i f e  of t h e  r e f e r e n c e  i s o t o p e ,  and t h e  va lues  of t h e  h a l f - l i v e s  

t h a t  were dependent upon it have been r e c a l c u l a t e d .  Such cases  a r e  foo t -  

noted because t h e  h a l f - l i f e  va lue  i n  our t a b l e  no longer  ag rees  wi th  t h e  

va lue  given i n  t h e  r e f e r e n c e .  However, we d i d  u s e  t h e  r e l a t i o n s h i p  given 

i n  t h e  r e fe renced  work. 
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Table A-1. Half-Life Valuesa for Isotopes of Transuranium Elements 

Underlines indicate new values s ince  the previous report 

P a r t i a l  H a l f - l i f e  
Nuclide T o t a l  Half-Life Referenceb f o r  Spontaneous F i s s i o n  Referenceb 

NP 

NP 

237 

238 

239Np 
240 

NP 

2 4 4 ,  

NP 

NP 

241 

241m 

23%" 

239P" 

240P" 

241P" 

242Pu 

Z43PU 

244PU 

245Pu 

246P" 

241h 

242Am 

242mAm 

243Am 

244Am 

Am 

245Arn 

246Am 

Am 

247Am 

244m 

246m 

242cm 

243cm 

244cm 

2 4 5 ~ m  

246cm 

247cm 

2 4 8 ~ m  

249cm 

25ocm 

249Bk 

250Bk 

251Bk 

(2.14 f 0.01) x l o 6  y 

2.10 i 0.01 d 

2.359 i 0.010 d 

6 3 t 2 m  

7.3 f 0 .3  m 

1 6  m 

3.4 h 

87.404 f 0.041 E 

24,413 + 30 y 

6,580 t 40 y 

14.98 i 0.33 y 

(3.869 i 0.016) x lo5 y 

4.955 * 0.003 h 

( 8 . 2 8  + 0.10) l o 7  

10 .6  t 0.4 h 

10.85 + 0.02 d 

432.7 + 0.7 y 

16.01 + 0 .02  h 

144 t 7 y 

7340 i 50 y 

10 .1  5 0 . 1  h 

26 m 

2.07 5 0.02 h 

25.0 + 0 . 2  m 

4 0 i 7 m  

2 4 i 3 m  

162.7 4 0 . 1  d 

32 Y 

18.099 + 0.015 y 

9600 i 290 y 

5640 140 y 

(1.64 5 0.20) lo7  y 

( 4 . 2  i 0 . 3 )  lo5  

(1.74 + 0.24) l o 4  Y 

6 4 * 3 m  

314 d 

3.222 + 0.005 h 

57 i 1.7 m 

60Br12 

50F53 

59c93 

60Le3 

48861 

60Le3 

60Le3 

685015 

59M126 

5113 

68Ca19 

68Ha41 

6 8 n m  

68Ha41 

56B92 

56H23 

670e01 

53K3R 

59B221' 

62Va8 

54624 

56892 

55816 

670r02 

67nroz 

57P52 

57A70 

6RBe26 

m a l d  

61Cald 

63F i08  

56891e 

%E06 

66RGlll 

57E01 

59802 

66RC04 

y 

(7 .45  i 0.17) x lo1' y 

(6.55 + 0.32) x lo1' Y 

61Dr4 

61Dr4 

52567 

62Wa13 

63Ma50 

661107 

51887 

65Me02 

65Xe02 

56891 

66RG01 

57E01 



Table A-1 (continued) 

Partial Half-Life 
Nuclide Total Half-Life Referenceb for Spontaneous Fission Referenceb 

249Cf 

250cf 

251cf 

252cf 

253cf 

254cf 

323 y 

13.2 + 0.5 y 

892 y 

2 . 6 ~  i n.004 

18.1 i 0.3 d 

60.5 i 0.2 d 

253Es 20.5 d 

254Es 276 d 

39.3 i 0.2 h 

255Es 39.8 i 1 . 2  d 

256Es 2 5 + 3 m  

254% 

h5Me02 

65Me02 

65Me0Zf 

63Ph01 

6RRe49 

67unni 

62Unl 

66RGO1 

hRLoll 

85.5 f 0.5 

60.5 + 0.2 d 

( 6 . 3  i 0.2) lo5 

,2.5 10' 

2440 i 140 

57E01 

63Ph01 

65Me02 

63Ph01 

65Me02 

3.24 + 0.01 h 56509 2 2 8  t 1 d 254& 

2 5 5 ~ m  20.07 i 0.07 h 64AsOl 

256Fm 2.62 + 0.03 h 6AHo13 2.62 i 0.03 h 68Ho13 

257~m 94 ? 10 d 66RG01 

(1.0 0.6) lo4 

E 

:The half-life values used in this table were being  used a t  TRU on January 1. 1969. 
References are decoded i n  Table A-2. 
3ublished value was adjusted for z41Am half-life of 432.7 y .  
Published value was adjusted for 244Cm half-life of 18.099 y .  
3ublished value was adjusted for 2s2Cf half-life of 2.646 y. 
Published value was adjusted for 253Es half-life of 20.5 d. 

g258Fm has been removed from the table pending proof that it exists. 

' 



28 

The r e f e r e n c e s  used i n  Table A-1  a r e  decoded i n  Table A-2. The 

system of r e f e r e n c e s  i s  t h a t  used by t h e  Nuclear Data P r o j e c t  h e r e  a t  
ORNL i n  t h e i r  widely d i s t r i b u t e d  "Nuclear Data Sheets. ' '  

de r ived  d a t a ,  such as s p e c i f i c  a c t i v i t i e s ,  a long wi th  information con- 

ce rn ing  t h e  hazard a s s o c i a t e d  wi th  handl ing t h e s e  n u c l i d e s .  

Table A-3 l i s t s  

6.2 Neutron Cross-sect ion Data 

The v a l u e s  of neutron c r o s s  s e c t i o n s  used t o  compute transmuta- 

This  t a b l e  t i o n s  i n  HFIR t a r g e t  i r r a d i a t i o n s  a r e  l i s t e d  i n  Table A-4. 

shows s i x  parameters  d e s c r i b i n g  t h e  neutron i n t e r a c t i o n s .  The f i r s t  i s  

t h e  thermal-neutron c a p t u r e  c r o s s  s e c t i o n ,  and t h e  t h i r d  i s  t h e  neutron 

cap tu re  resonance i n t e g r a l .  The second parameter i s  a cons t an t  t h a t  i s  

a f u n c t i o n  of t h e  t a r g e t  geometry; it i s  used t o  e s t i m a t e  t h e  resonance 

s e l f - s h i e l d i n g  e f f e c t .  The e f f e c t i v e  cap tu re  c r o s s  s e c t i o n ,  u 

be: 

C would e f f '  

' res RI + -  C C o = o  
eff 2ooo 42200 m 

C i s  t h e  thermal-neutron cap tu re  c r o s s  s e c t i o n ,  N i s  t h e  num- 2000 where u 
ber of grams of t h e  p a r t i c u l a r  nuc l ide  i n  one t a r g e t  r o d ,  $res i s  t h e  

average f l u  p e r  u n i t  l e t h a r g y  width i n  t h e  resonance r e g i o n ,  

i s  t h e  equ iva len t  f l u x  of 2200-m/sec neutrons t h a t  would g i v e  t h e  same 
r e a c t i o n  ra te  wi th  a l / v  absorber  as would t h e  a c t u a l  r e a c t o r  f l u x .  T h e  

e f f e c t i v e  c r o s s  s e c t i o n  f o r  f i s s i o n  i s  computed by a s imilar  r e l a t i o n -  

s h i p  among t h e  l a s t  t h r e e  parameters .  

and $2200 

These c r o s s  s e c t i o n s  are t o  b e  regarded as a s e l f - c o n s i s t e n t  s e t ,  

whereby one can compute o v e r a l l  t r ansmuta t ion  e f f e c t s ,  and as a set  of 

a r b i t r a r y  c o n s t a n t s  t o  be used t o  o b t a i n  t h e  b e s t  f i t  t o  our d a t a .  Hope- 

f u l l y ,  t h e s e  numbers and t h e  c r o s s  s e c t i o n s  experimental ly  measured f o r  

pure i s o t o p e s  w i l l  ag ree ;  however, we w i l l  not a l low t h e  p o s s i b i l i t y  of a 

discrepancy t o  conf ine  u s .  

It should be po in ted  out  t h a t  2 4 4 c ~  i s  a f i c t i t i o u s  i s o t o p e  t h a t  

combines t h e  p r o p e r t i e s  of 244mAm and 244gAm, according t o  t h e i r  r e l a t i v e  

rates of p roduc t ion  from 243Am. 

c a l c u l a t i o n s  of t h e  main t r ansmuta t ion  cha in  involving 244Am. 

The u s e  of t h i s  i s o t o p e  s i m p l i f i e s  t h e  



Table A-2. References for Table A - l  

Code Reference Code Reference 

48H61 
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5113 
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53338 

54624 

55E16 

56B91 

56B92 

56823 

56509 

57A70 

57E01 

57P52 

58E06 

59B221 

59c93 

59M126 

59V02 

60Br12 

60Le3 
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B. 6. Harvey, Phys. Rev., E, 1081 11954). 
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J. P. Butler, T. A. Eastwood, H. G. Jackson, 
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Sabine, Nature, 212, 131 (1966). 

Comhined Radiochemistry Group, LRL, LASL, 
and ANL, Phys. Rev., =,No. 3, 1192-1198 
(1966). 

Argonne Heavy Element Group (unpublished 
data). 

F. L. Oetting and S. R. Gunn, J. Inorg. Nuc l .  
Chem., 29, 2659-64 (1967). 

C. J. Orth, W. R .  Daniels, B. H. Erkkila, 
F .  0. Lawrence, and D. C. Hoffman, m. 
Rev. Letters, 2, No. 3, 128-131 (1967). 

J. Unik, private communication to P. Fields 
(1967). 

W. C. Rentley, J. Inorg. Nuc l .  Chem., ", 
2007-9 (1968). 

C. E. Bemis, Private Communication to J. E. 
Bigelow, (1968). 

M. J. Cabell, J. Inorg. Nucl. Chem., 30, 2583-9 
(1968). 

H .  Diamond, J. J. Hines, R. K. Sjoblom, R. F. 
Barnes, D. N. Metta, J. L. Lerner, and P. R. 
Fields, J. I n o r g .  Nucl. Chem., 30, 2553-9 (1468). 

J. Halperin, C. E. Bemis, Jr., and R .  Eby, ORNL-4306, 
p .  31, (1968). 
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Table A-3.  Propertiese of Transuranium Nuclides 

Underlines indicate new values s ince  the previous report. 

~~ 

Nuclide 

237Np 

238Np 

239Np 

NP 
240 

240% 

NP 
241 

241% 

238PU 

239P, 

240P,  

241PU 

242PU 

24%" 

244Pu 

245P" 

246P, 

241h 

24Zh 

242mAm 

243h 

244A, 

Am 

245h 

246Am 

Am 
247A, 

244m 

246m 

242~m 

243~m 

244~m 

245& 

246& 

247~m 

248~m 

249~m 

250% 

249Bk 

"OBk 

251Bk 

Specific Activitv HazardD 
Energies of 

M P C  (Neutrons P r i n .  hissions 
(Me") a(40) Body Burden 

Half -Lif e 6 (Ci/n) ( W / d  ( a  cpm/mgc) ( S  dpmlmg) mi"-' m9-l) (uCi/cm3) (uCi) ( u p )  

2.14 x 106y 4.78 

2.10 d 

2.359 d 

6 3  m 

7.3 m 

16 m 

3.4 h 

87.404 y 5.49 

24,413 y 5.15 

6,580 y 5.16 

4.9 

3.869 x lo5 y 4.90 

4.955 h 

8.28 x lo7 y 4.587 

10.6 h 

10.85 d 

5.48 

16.01 h 

a 5.207 

7340 y 5.27 

10.1  h 

26 m 

2.07 h 

25 m 

40 m 

24 m 

162.7 d 6.11 

32 Y 5.79 

18.099 5.80 

9600 y 5.36 

5640 y 5.4 

1.64 lo7 

4.2 lo5 5.05 

1.74 lo4 

64 m 

314 d 5.4 

3.222 h 

57 m 

0.25 
1 . 2 4  

0.332 
0.427 

0.89 

2.18 
1.6 

0.02 

0.49 
0.58 

0.15 

0.63 
0.67 

1. T. 

0.387 

1 .5  

0.91 

1.31 

0.3 

0.125 

0.23 

7.07 2.07 8.01 

5.80 2.61 x lo5 1.27 x lo3 

2 . 3 2  x l o 5  5.86 x 10' 5.14 x d4 

1.24 107 1.03 lo5 2.76 Y 10l6 

1.07 x 10' 5.33 x lo5 2.38 

4.86 x IO7 

3.82 x lo6 

1.08 

8.49 1015 

17.2 0.570 1.94 x 1O1O 

6.13 x lo-' 1.913 x 6.94 x IO7 

0.227 7.097 x 2.57 x lo8 

99.1 4.06 x 2.94 x 106 2.20 x 1011 

3.82 x 1.13 x 4.12 x lo6 

2.60 Y IO6 3.34 x lo3 5.78 

1.77 4.93 2 . 0 0  lo4 

1.21 x lo6 2.68 1015 

1.09 Y d4 4.91 x lo4 66.9 

3.43 0.1145 3.88 lo9 

8.11 105 2.08 lo3 1.80 1015~ 

10.3 3.08 x lo-' 

0.200 6.45 low3 

1.27 8 . 7 ~  1 ~ 3  

6.17 lo6 1.20 lo4 

3.06 lo7 2.48 lo5 

1.91 lo7 

3.17 lo7 

2.96 x lo7 8.98 x lo4 

3 . 3 2  x l o3  122 

45.9 1.677 

80.94 2.832 

0.152 5.07 

0.258 8.45 

8.83 s2.8 1 8  

3.43 4.78 

1.18 x lo7 

8.20 x lo-' ~ 0 . 1  

2.064 x lo4 

5.53 107 2.28 loloe 

2 . 8 2  1015 

2.27 x 10' 

6.58 x 

1.37 x 10l6 

6.79 x 10l6 

4.24 x 10l6 

7.04 x 10l6 

3.76 x lo1' 

5.20 x lo1' 

9.16 x lolo 

1.72 x lo8 

2.92 x lo8 

3.27 x 10' 

1.00 lo5 

3.53 x lo6 

2.62 x 10l6 

1.67 x lo3 0.358 4.16 x lo7 3.71 x 10" 

3.89 x IO6 2.75 x lo4 8.62 1015 

1.32 lo7 2.92 x 10l6 

148 

66 

124 

3 7 4  

0.04 

4 x 10-l' 0.06 

8 x 30 

2 x 10-l' 0.04 

2 x 10-l' 0.04 

2 x 10-l' 0.04 

9 x 0.9 

2 x 10-l' 0.05 

2 x 7.2 

2 x 0.04 

2 3 .0  

6 Y 10-l' 0.1 

4 x 0.06 

6 x 10-l' 0.07 

6 x 10-l' 0.05 

2 x JOc7 0.18 

4 x 1 8  0.18 

3 x 1 0 8  12 

1.20 x lo6 1 x 10-l' 0.05 

6 x lo-'' 0.09 

6.68 x lo5 9 x 10-l' 0.1 

5 x 10-l' 0.04 

5.03 lo5 5 10-l~ 0.05 

5 x 10-12 0.04 

2.32 x lo6 6 x 0.01 

8 x 0.8 

6.50 x 108 

7.92 x lo3 9 x 10-l' 0 . 7  

1 0.04 

84.9 

1.29 

2.32 

0.654 

0.176 

9.08 

13.0 

2.78 x 1 8  

2.23 lo3 

4.03 x l o 5  

0.0292 

7.39 x 

6.80 

1.42 J O - ~  

6.08 

0.25 

1.94 x 1 0 8  

6.27 x 

1.96 x 

1.24 

0.263 

0.194 

453 

2.91 

6.78 x 

419 

1.03 
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Table A-3 (continued) 

Nuclide 

249cf 

250cf 

251cf 

252cf 

253cf 

254cf 

253ES 

254Es 

ES 

255Es 

256Es 

254m 

254~m 

255~m 

256% 

257% 

Specific Activity %Lardb 
EnerEies of 

(Neutrons MPCe(40) Body Burden 
Prin. Emissions 

(Mev) 
Half-Life a 8 ( W E )  (VIP) (0 cpm/mgc) ( R  dDm/mE) min-' mg-l) (uCi/cm3) (UCi) ( U d 

323 y 

13.2 y 

892 y 

2.646 y 

18.1 d 

60.5 d 

20.5 d 

276 d 

39.3 h 

39.8 d 

25 m 

~ 

- 

3.24 h 

20.07 h 

2.62 h 

94 d 

__ 

5.81 

6.03 

6.11 

0.27 

5.84 

6.63 

6.42 

0.48 

7 . 2 0  

7. 03 

4.45 

108 

1.60 

536 

2.85 lo4 

8.51 lo3 

2 . 5 2  x IO4 

1.86 lo3 

3.14 lo5 

1.29 lo4 

2.94 l o7  

3.81 x IO6 

6.13 lo5 

4.67 x lo6 

5.41 x IO3 

0.166 

4.02 

5.84 x 

39.0 

13.67 

1.06 104 

1.01 lo3 

1.18 l o 3  

71.9 

1.68 lo5 

2.79 l o 4  
5.85 x lo6 

-200 

5.03 lo9 

1.22 x loll 

1.80 lo9 

5.8R x lo1' 

6.32 x 1Ol3 

2.86 1013 

2.11 i d 2  

6.97 

2.86 d3 
6.52 x 10l6 

4.31 

6.94 

6.12 x 10" 

"-2 x lo3 2 x 0.04 

2.12 x 10' 5 x 0.04 

2 x 0.04 

0.04 

8 x 10-l' 0.04 

1.40 x 10l1 2 x 10-l' 

7.37 5 10-l~ 0.01 

1.95 x lo7 7 x 10-l' 0.04 

11.39 lo7 2 10-l~ 0.02 

5 0.02 

6 x 10-l' 0.04 

2.09 x lo1' 6 x 0.02 

1.29 x IO9 2 x 0.04 

4.31 2 0.01 

8.98 

3.70 Y 

2.50 x lo-' 

7.46 lor5 

1.18 Y 1 0 8  

1.40 x 

1.59 x 

1.08 

6.37 x 

3.10 Y 1 0 8  

5.25 

2.14 

6.53 x lo-' 

>he values for properties included in this table are those in use at TRU onJanuary 1, 1969. 
From IRCP Publication 2 ,  "Report of Cornittee I1 an Permissible Dose for Internal Radiation (1959)" and the 1962 Supplement. 
2ountinp. geometry, 51%. 

242Am decays by B emission (84%) and orbital electron capture (16%). 
;242mAm decays almost entirely by isomeric transition to the 16-hr wound state, 2h2Am. 

244mAm decays primarily by 6 emission but 0.039% decays by electron capture to 244Pu.  
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Table A-4. Neutron Cross  Sections Used to Compute Transmutations in HFIR Target Irradiations (January 1, 1969) 

Underlines indicate new values s ince the previous report. 

2200-mts 
Cross Section 

Nuclide Half-Life (barns) 

Capture Fission 
Resonance Resonance 2200-mts Resonance Resonance 

Self-shielding Integral Cross Section Self-shielding Integral 

87 .404  y 

2 4 , 4 1 3  y 

6580 y 

1 4 . 9 8  y 

386 ,900  

4 .955  h 

8 . 2 8  107  

1 0 . 6  h 

1 0 . 8 5  d 

7340 y 

2 7 . 3  m 

2 .07  h 

25 m 

18 .099  y 

9600 y 

5640 y 

1 . 6 4  107 

420 ,000  y 

64 m 

1 7 , 4 0 0  y 

314 d 
3 . 2 2 2  h 

323  y 

13 .2  y 

892 y 
2 .646  y 

1 8 . 1  d 

60 .5  d 

20 .5  d 

276 d 

3 9 . 3  h 

3 9 . 8  d 

25 m 

~ 

__ 

3 .24  h 

20.07 h 

2.62 h 

94 d 

560 

265 .7  

290 

360 

1 8 . 5  

80 

1 . 6  

277 

0 

- 

- 
- 

75 

0 

0 
0 

10 
445.3 

5 

77.63 

5 . 2  

2 .8  

2 

~ 

- 

1706  

350 
- 

300 

2000 
1948  

19 .8  

1 2 . 6  

75 

- 

- 

- 

- 
- 

345 

20 

1 .26  

60 

0 
- 

- 

76 

26 

20 
1 0  

- 

- 

- 

Constant (barns) (barns) Constant (barns) 

0 

0 

0 
0 

7 .409  

0 

0 

0 

0 

2.126 

0 
0 
0 

6 . 9  

1 . 4  

0 .866  

0 

1 .447  

0 
0 

- 

0 

0 

0 

0 

0 
0 

0 

0 

0 

0 

0 

0 

0 
~ 

0 

0 

0 

0 

1 5 0  

1 9 5  

a453  

1 6 6  

1280  

0 

0 

0 

0 

1500  

0 
0 
0 

650 

90  

170  

200 

250 

0 

0 

- 
- 

- 

1850  

0 
- 

0 

0 

n 
44 

0 

1650  

- 

- 

0 

0 

0 

0 

0 - 

0 

0 

0 

0 

16.5 
742 .4  

0.05 
~ 

1 0 1 1  

0 
210 

0 
0 

n 

0 

130  

0 

0 

2 .7  

1544  

0 

281 .33  

0 

50 

0 

- 

~ 

553.5 

960 
~ 

1735  

0 

5126 

0 

1300 - 
0 

0 
3060 

1840  

0 

n 

n 

- 

100 

0 

100 

0 25 

0 324 

0 0 

0 541  

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

6 . 9  72 

1 . 4  

0 0 

0 1000  

0 0 

0 0 

0 0 

600 - - 

- 

n 0 

0 0 

0 0 

0 0 
0 0 
0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 - - 

0 0 

0 0 

0 0 
0 0 

aTo simplify calculations we use a fictitious isotope, 244ch, which combines the properties of 244mh and 244Am 
according to their relative rates of production f rom 243h. 
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