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SUMMARY 

This i s  t h e  s i x t h  r epor t  i n  a s e r i e s  t h a t  i s  being i ssued  semi- 
annual ly  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 lans  of t he  Transuranium Element Production Program 
a t  OWL. 

During t h e  pe r iod  J u l y  1, 1970, through December 31,  1970, we r e -  

covered 80.8 g of 2 4 4 C m ,  10.5 mg of 249Bk,  76 mg of 2 5 2 C f ,  312 ug of 
253Es,and l o 9  atoms of 257Fm as p u r i f i e d  products  from 35 r e a c t o r  s lugs  

which had been i r r a d i a t e d  as p a r t  of t h e  Californium-I program a t  t h e  
Savannah River P lan t  t o  eva lua te  t h e  commercial market f o r  252Cf. We 

made 55 shipments,  which contained t h e  fol lowing t o t a l  amounts of nu- 

c l i d e s :  
ca lu t ron  and then  i r r a d i a t e d  i n  t h e  HFIR p r i o r  t o  shipment; 0.26 g 

of 243Am; 29 g of 244Cm;  1 mg of 248Cm;  851 ug of 249Bk; 425 pg  of 
i s o t o p i c a l l y  pure 249Cf; 2 3 . 1  mg of 2 5 2 C f  i n  a mixture of ca l i forn ium 

iso topes ;  240 pg of 2 5 3 E s ;  and 9 x l o 8  atoms of 257Fm. 

0 .5  mg of  244Pu t h a t  had been i s o t o p i c a l l y  enriched i n  a 

Processing p lans  f o r  t h e  next  18 months a r e  somewhat unce r t a in  
because we don ' t  know how many SRP Californium-I r e a c t o r  tubes we w i l l  

be asked t o  process .  
tubes ,  t h e  maximum number t h a t  we could process  without major p l a n t  

r ev i s ions .  
252Cf: 

tubes ,  and 160 mg from t h e  processing of i r r a d i a t e d  HFIR t a r g e t s .  About 
74 mg of 249Bk ,  1 mg of 2 5 3 E s ,  and 2 x l o 9  atoms of 257Fm w i l l  a l s o  be 

recovered as by-products from t h e s e  campaigns. 

Processing p red ic t ions  were made based on 20 

On t h a t  b a s i s ,  we would recover  approximately 0.7 g of  
529 mg from 128 SRP Californium-I s l u g s  and t h e  20 r e a c t o r  

Analysis of  t h e  f u t u r e  r a t e  of  product ion of 2 5 2 C f  a t  TRU i n d i c a t e s  
t h a t  we can produce about 0 .5  g p e r  year  by i r r a d i a t i n g  curium conta in ing  
95% 244Cm,  o r  about 1 . 2  g p e r  year  by i r r a d i a t i n g  curium recovered from 

t h e  SRP Californium-I campaigns (which conta ins  about 24% 246Cm). 

The processes  and equipment used f o r  t h e  SRP r e a c t o r  s lugs  were 

gene ra l ly  t h e  same as those  used t o  process  H F I R  t a r g e t s .  

A l a r g e  iod ine  removal u n i t  cons i s t ing  of a c a t a l y t i c  ox ida t ion  
bed t o  des t roy  organic  vapors,  followed by charcoal  beds f o r  adsorbi-ng 



v i  

i od ine ,  was i n s t a l l e d  f o r  t r e a t i n g  t h e  e n t i r e  v e s s e l  and cub ic l e  o f f -  

gas system (450 cfm). 
contained 400 C i  of  I 3 l I ,  about 400 m C i  of t h e  iod ine  was v o l a t i l i z e d  

and reached t h e  system. The average r a t e  of r e l e a s e  of 1311 was l e s s  

than  6 p C i  p e r  day; system DF's were g r e a t e r  than 700. 

During the  campaign t o  process  t h e  35 s l u g s ,  which 

Eight  neutron sources  were f a b r i c a t e d  during t h i s  per iod;  t o  da t e ,  

23 neutron sources  have been f a b r i c a t e d  a t  TRU.  
0 .5  mg of 244Pu was i r r a d i a t e d  t o  produce 246Am f o r  gamma-ray spec t ro -  

s cop ic  s t u d i e s  a t  ANL, and 2 mg of 241Am sorbed on molecular s i e v e s  was 
i r r a d i a t e d  as p a r t  of  a s e r i e s  of tests of a new technique f o r  producing 

enr iched  i so topes  of  t h e  a c t i n i d e  elements.  

In s p e c i a l  p r o j e c t s ,  

The va lues  t h a t  we are c u r r e n t l y  us ing  f o r  transuranium-element 
decay d a t a  and f o r  c ross -sec t ion  d a t a  i n  planning i r r ad ia t ion -p rocess ing  

cyc le s ,  c a l c u l a t i n g  product 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. 



1 

1. INTRODUCTION 

This  i s  t h e  s i x t h  r epor t  i n  a series t h a t  is being issued semi- 

annual ly  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 ans  of t he  Transuranium Element Production Program 

a t  ORNL. 

t h a t  w i l l  enable  u s e r s  of t h e  products  t o  ob ta in  maximum s e r v i c e  from 
t h e  product ion f a c i l i t i e s  a t  ORNL. 

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 lans  can 

be (and are) markedly inf luenced by feedback from resea rche r s  and o t h e r  

u s e r s  of transuranium elements.  

The o b j e c t i v e  of t hese  r e p o r t s  i s  t o  provide information 

Production p lans  and schedules  a r e  

TRU opera t ions  during t h e  r e p o r t  per iod  a r e  summarized, Quan t i t i e s  

of materials t h a t  were recovered and shipped a r e  s p e c i f i e d ,  and pro-  

posed processing schedules  and a n t i c i p a t e d  y i e l d s  of var ious  products  

a r e  presented .  Spec ia l  processing,  f a b r i c a t i o n ,  and i r r a d i a t i o n  pro- 
grams a r e  descr ibed .  The o r i g i n a l  and cu r ren t  conten ts  of a l l  neutron 

sources  t h a t  have been made a t  TRU, as wel l  as t h e  person t o  whom each 
source has been loaned, a r e  t abu la t ed .  Values of nuc lear  parameters 

which were used as input  da t a  f o r  t h e  c a l c u l a t i o n s  of product ion r a t e s  
f o r  transuranium elements,  along with 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 so topes  

t h a t  a r e  of i n t e r e s t  t o  TRU,  a r e  included i n  t h e  Appendix. 

Previous r e p o r t s  i n  t h i s  s e r i e s  are: 

1. F o r  per iod  ending June 30, 1968 - ORNL-4376. 
2 .  For per iod  ending December 31, 1968 - ORNL-4428. 
3. For per iod  ending June 30, 1969 - ORNL-4447. 
4. For per iod  ending December 31, 1969 - ORNL-4540. 
5 .  For per iod  ending June 30, 1970 - ORNL-4588. 

2 .  PROCESSING SUMMARY AND PRODUCTION ESTIMATE 

The i s o t o p i c  concent ra t ions  of t h e  var ious  transuranium elements 

a r e  not cons t an t ,  bu t  a r e  func t ions  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 so tope  of each element t o  use  i n  making 
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material balances f o r  t h e  i s o t o p i c  mixtures  normally handled i n  TRU.  

Thus we u s u a l l y  t r a c e  curium by t h e  i so tope  244Cm. 

i n s t ances ,  242Pu, 243Am, 249Bk, 2 5 2 C f ,  and 2 5 3 E s  are t h e  i so topes  used 
f o r  t r a c i n g  t h e  corresponding elements.  

we a r e  d i scuss ing  mixtures  of i so topes  when we do not  s t i p u l a t e  " i so-  

t o p i c a l l y  pure."  

Except i n  s p e c i a l  

Throughout t h i s  r e p o r t  s e c t i o n ,  

2 .1  Processing Summary 

We recovered 80.8 g of 244Cm,  10.5 mg of  249Bk, 76 mg of  2 5 2 C f ,  

312 pg of  2 5 3 E s ,  and l o 9  atoms of 257Fm as p u r i f i e d  products  from 35 

r e a c t o r  s l u g s  which had been i r r a d i a t e d  as p a r t  of t h e  Californium-I 
program a t  t h e  Savannah River P lan t  (SRP) t o  eva lua te  t h e  commercial 

market f o r  2 5 2 C f .  

1 

F i f t y - f i v e  shipments (Table 2.1) t h a t  were made from TRU during 

t h i s  per iod  included:  

H F I R  p r i o r  t o  shipment; (2) 0.26 g of 243Am; (3) 29 g of  244Cm; (4) 1 mg 
of  248Cm ( i n  products  conta in ing  97% 248Cm); (5) 851 pg of 249Bk; 

(6) 425 pg of i s o t o p i c a l l y  pure 2 4 9 C f  t h a t  had been "milked" from 249Bk; 
(7) 23.1 mg of  2 5 2 C f  i n  a mixture of ca l i forn ium iso topes  ( ~ 8 6 %  252Cf);  

(8) 240 pg of  2 5 3 E s  conta in ing  some 2 5 4 E s  and 2 5 5 E s ;  (9) 0.2 ug of i s o -  

t o p i c a l l y  pure 2 5 3 E s ;  and (lO)9 x l o 8  atoms of 257Fm. 

(1) 0 .5  mg of  244Pu which was i r r a d i a t e d  i n  t h e  
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Table 2.1. Distribution of Heavy Elements from 
the Transuranium Processing Plant 

During the Period July 1, 1970 to December 31, 1970 

Major Nuclide 
TRU File Shipped To 

Date No. Individual Site 

Plutonium-244, mg 

0.5 (irradiated) 12-03-70 344 H. Diamond ANL 

0.5 
- 

Americium-243, g 

0.25 7-30-70 315 S. J. Waligora Love 1 ace 
0.005 8-21-70 327 Isotope Sales ORNL 
0.001 8-24-70 329 W. J. McDowell ORNL -CTD 
0.001 9-17-70 337 J. C. Mailen ORNL-CTD 

0.257 

Curium-244, g 

G .  0001 
0.0001 
0.46 
5.17 
0925 
13 

10 

29.0802 

OB2a 

8-24-70 330 
9-17-70 338 
10-01-70 323 
10-27-70 242 
11-10-70 234 
12-21-70 125 
12-21-70 283 
12-21-70 2 84 

Curium-248 (97%), pg 

160 9-17-70 
173 9-22-70 
153 9-22-70 
173 9-22-70 
173 9-22-70 
247 11 - 10- 70 

W. J. McDowell 
J. C. Mailen 
R. G. Haire 
P. R. Fields 
J. A. Harris 
R. W. Hoff 
J. A .  Harris 
P. R. Fields 

ORNL-CTD 
ORNL -CTD 
ORNL-CTD 
ANL 
LRL- B 
LRL-L 
LRL-B 
ANL 

287 C. E. Bemis CRNL - TRL 
285 D. C. Hoffman LASL 
286 P. R. Fields ANL 
321 R. W. Hoff LRL-L 
322 J. A. Harris LRL- B 
340 A. Ghiorso LRL-B - 

1079 
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Table 2.1 (continued) 

Major Nuclide Date 
TRU File Shipped To 

No. Ind iv i dual Site 

Berkelium-249, vg 

1 7-20-70 
600 11-16-70 
250 12-30-70 - 
85 1 

Californium-249 
(isotopically pure), p g  
12Sb b 

60 
240 

425 
- 

Californium-252, pg 

4830 (NS-14) 
10 
256 

10 
6550 

118 (NS-10) 

980 (NS-15) 
1010 (NS-18) 
1800 (NS-9) 
1960 (NS-12) 
3 10 
0.1 

1 
0.1 

3420 

13 (NS-22) 

1740 (NS-16) 
18 (NS-21) 
8 (NS-24) 
10 

8-20-70 
11-16-70 
12-30-70 

7-09-70 
7-10-70 
7-14-70 
7-15-70 
7-15-70 
7-31-70 
8-17-70 
8-17-70 
8-17-70 
8-17-70 
8-17-70 
8-24-70 
9-10-70 
9-15-70 
9-17-70 
10- 19-70 
10-29-70 
10-30-70 
11-09-70 
11-10-70 

5.3 (Small Sources) 11-24-70 
1 12-03-70 
56 (NS-25) 12-07-70 
1 12-21-70 

317 
264 
352 

320 
342 
35 1 

296 
319 
250 
247 
292 
297 
298 
298 
249 
294 
270 
328 
331 
336 
339 
314 
299 
318 
333 
341 
324 
343 
334 
350 

W. J. McDowell ORNL-CTD 
R. A. Penneman LASL 
J. A. Harris LRL- B 

R. A. Penneman LASL 
R. A. Penneman LASL 
J. A. Harris LRL-B 

D. C. Stewart 
Isotopes Sales 
C. H. Youngquist 
J. P. Balagna 
R. A. Penneman 
A .  R. Boulogne 
F. B. Simpson 
F. B. Simpson 
G. Rieck 
R. W. Hoff 
J. A. Harris 
W. J. McDowell 
0. L. Keller 
W. J. McDowell 
J. C. Mailen 
A. R. Boulogne 
R. Yoshimura 
F. J .  Zelley 
J. B. Davidson 
Isotopes Sales 
H. A. Mullin 
R. L. Folger 
F. J. Muckenthaler 
F. B. Simpson 

ANL 
ORNL 
ANL 
LAS L 
LASL 
SRL 
INC 
INC 
PNL 
LRL- L 
LRL- B 
ORNL -CTD 
ORNL-TRL 
ORNL -CTD 
ORNL-CTD 
SRL 
Sand ia- NM 
PNL 

ORNL 
Sandia- NM 
SRL 
ORNL 
I NC 

ORNL- I&C 

~- 

23107.5 
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Table 2.1 (continued) 

Major Nuclide 
TRU File Shipped To 

Date No. I nd iv i du a1 Site 

Einsteinium-253, pg 

120 12-17-70 345 R. W. Hoff LRL-L 
120 12-17-70 346 P. R. Fields ANL 

240 
- 

Einsteinium-253 
(isotopically pure), pg 

0.2 7-20-70 316 W. J. McDowell ORNL - CTD 

0 . 2  

Fermium-257, atoms 

3 x 108 12-17-70 347 D. C. Hoffman LASL 

3 x 108 12-17-70 349 P. R. Fields ANL 
3 x 108 12-17-70 348 J. A. Harris LRL-B 

9 x 108 

yhese shipments were prepared by ORNL Isotopes Sales. 

bFrom LASL s berkelium allocation. 

Material 
originated at Savannah River. 
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2.2 I r r a d i a t i o n  and Processing Proposals 

The es t imated  amounts of transcurium elements t h a t  w i l l  be  pro-  

duced during t h e  next  few years  i s  given i n  Table 2.2. 
per iod  January through June 1971, we w i l l  process  t h e  remaining 128 

americium-curium s l u g s  t h a t  were i r r a d i a t e d  as p a r t  of t h e  Cal i fornium-I  

program a t  t h e  Savannah River P lan t  (SRP). In t h i s  program, ca l i forn ium 

i s  being produced f o r  use i n  t h e  USAEC program t o  eva lua te  t h e  commercial 

market f o r  2 5 2 C f .  

s l u g s  is  p r imar i ly  intended f o r  u se  i n  t h e  market eva lua t ion  s t u d i e s ,  

some of it w i l l  be made a v a i l a b l e  t o  s a t i s f y  research  requirements of 

t h e  Nat ional  Transplutonium Program of t h e  USAEC's Research Divis ion.  

Approximately 500 g of curium, assaying about 24% 246Cm,  w i l l  be  r e -  

covered from t h e  s l u g s .  

a t  SRP t o  produce 252Cf ;  however, some of i t  may be made a v a i l a b l e  t o  

t h e  research  program. 

t o  r e sea rche r s  by t h e  Transplutonium Committee. 

During t h e  

Although t h e  cal i fornium t h a t  i s  recovered from t h e  

This  curium is  intended f o r  f u t u r e  r e i r r a d i a t i o n  

The by-products 249Bk and 2 5 3 E s  w i l l  be  a l l o c a t e d  

I r r a d i a t i o n  of t h e  remaining 128 s l u g s  was ended Nov. 8 ,  1970. We 
expect t o  recover  about 160 g of 244Cm (200 g of t o t a l  curium), 8 mg of 
249Bk, 74 mg of 252Cf,and 75 vg of 2 5 3 E s  from t h e  64 s l u g s  t h a t  
be processed by March 1971, and about 175 g of 244Cm (225 g of t o t a l  
curium), 7 mg of 249Bk,  55 mg of 252Cf ,  and 1 7  pg of 253E3, from t h e  64 

s l u g s  t h a t  w i l l  

w i l l  

be processed by May 1971. 

We w i l l  then  process  18 i r r a d i a t e d  H F I R  ta rge ts ,  from which w e  ex- 
pec t  t o  recover  5 .5  mg of  249Bk, 45 mg of 2 5 2 C f ,  and 240 pg of 2 5 3 E s  i n  

June 1971. 

Californium was produced a t  SRP by i r r a d i a t i o n  of material i n  two 

forms: 

contained i n  86 tubes t h a t  are 4 i n .  i n  diameter  and have a c t i v e  lengths  
of about 4 f t .  We do not  know how many of t hese  tubes we w i l l  be asked 

t o  process ,  bu t  we have made t e n t a t i v e  p lans  t o  process  t e n  during t h e  
per iod  J u l y  through November 1971 and t e n  during t h e  per iod  January 

(1) t h e  s l u g s  which have been d iscussed  above, and (2) 242Pu 



Table 2.2.  Estimated Future Production of Transcurium Elements 

2Cf  Product i onb 

Period 

Products of Campaigns During 

2 4 9 ~ k  252cf 2 5 3 ~ ~ ~  Period Cumulative Date Products 
t he  

Processing Campaign (mg) (mg) (UP) (me) (mg) Available 

Through December 1970 

January - June 1971 

J u l y  - December 1971 

January - June 1972 

64 SRP Cf-I Slugs 

64 SRP C f - I  Slugs 

13 Pu t a rge t s  

5 Cm t a rge t s  

10 SRP C f - I  tubes 

7 Cm t a rge t s  

10 SRP C f - I  tubes 

1 2  Cm t a rge t s  

8 74b 

7 55b 

1.5 16 

4 29 

20 2 oob 

6 50 

20 200b 

7 65 

75 

17 

80 (15) 

160 (29) 

OC 

275 (50) 

OC 

350 (65) 

73 

March 1971 

May 1971 

June 1971 

45 118 June 1971 

November 1971 

50 168 December 1971 

Apri l  1972 

65 233 June 1972 

J u l y  - December 1972 -160 -400 

1973 -400 -800 

-450 -1250 1974 

a 

parentheses.  
Amounts from i n i t i a l  separation. Amounts "milked" from californium product f r ac t ion  a f t e r  decay per iod a r e  given i n  

bCaliforniwn produced i n  the SRP campaigns is  not  included i n  production t o t a l s .  

c254Es  (-5 vg) can be recovered. 
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through Apr i l  1972. 

.249Bk, and 200 mg of 252Cf w i l l  be  recovered i n  each of t h e  campaigns 

t o  process  t en  tubes .  

We es t imate  t h a t  220 g of 244Cm,  20 mg of  

Processing of 7 i r r a d i a t e d  H F I R  t a r g e t s  i n  December 1971 w i l l  pro- 

Processing of duce 6 mg of 249Bk, 50 mg of 2 5 2 C f ,  and 275 pg of 2 5 3 E s .  

1 2  i r r a d i a t e d  HFIR t a r g e t s  i n  June 1972 w i l l  produce 7 mg of  249Bk, 65 mg 

of  2 5 2 C f ,  and 350 pg of 2 5 3 E s .  

2 .3  Estimates of t h e  A v a i l a b i l i t y  of Transuranium Elements 

Plutonium, americium, and curium are usua l ly  considered t o  be i n t e r -  

mediate feed  materials r a t h e r  than  products .  

o f  berkelium, ca l i forn ium,  e ins te in ium,  and fermium during t h e  next  two 

years  a r e  given below. 

Est imates  of t h e  a v a i l a b i l i t y  

2 .3 .1  Berkelium 

About 74 mg of  249Bk i s  expected t o  become a v a i l a b l e  during t h e  

next  two years :  8 mg i n  March 1971, 7 mg i n  May 1971, 5 . 5  mg i n  June 
1971, 20 mg during t h e  per iod  J u l y  through November 1971, 6 mg i n  

December 1971, 20 mg during t h e  per iod  January through Apr i l  1972, and 
7 mg i n  June  1972. 

2 .3 .2  Californium 

Twenty-four mil l igrams of t h e  252Cf  t h a t  was recovered from t h e  SRP 
Cal i fornium-I  s l u g s  has  been assigned t o  t h e  USAEC's Research Div is ion  

f o r  d i s t r i b u t i o n  t o  r e sea rche r s  through t h e  Transplutonium Committee. 

We expect t o  produce about 700 mgof 252Cf  contained i n  a mixture  

of ca l i forn ium i so topes  during t h e  next  two years .  

be recovered from SRP feed  materials f o r  t h e  Californium-I program (74 mg 
i n  March 1971, 55 mg i n  May 1971, 200 mg d u r i n g ' t h e  per iod  J u l y  1971 

About 529 mg w i l l  
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through November 1971, and 200 mg during t h e  per iod  January through 
Apr i l  1972), and 160 mg w i l l  be  recovered from H F I R  t a r g e t s  f o r  t he  

Transuranium Element Production Program (45 mg i n  June 1971, 50 mg i n  

December 1971, and 65 mg i n  June 1972). 

2 .3 .3  Einsteinium 

Our expec ta t ions  f o r  e insteinium product ion have been reduced s i n c e  

t h e  previous r e p o r t  because of t h e  e a r l y  te rmina t ion  of i r r a d i a t i o n s  i n  

t h e  SRP Cal i fornium-I  program. 

We expect t o  recover  about 1 mg of 253Es  i n  a mixture of e i n s t e i n -  

ium iso topes  during t h e  next  two years :  75 pg i n  March 1971, 1 7  pg i n  
May 1971, 240 pg i n  June 1971, 275 vg i n  December 1971, and 350 i n  June 

1972. 

Some "second-growth" einsteinium w i l l  be  recovered from t h e  HF1.R 

t a r g e t  campaigns. That i s ,  a f t e r  t h e  mixture  of e insteinium iso topes  

has been separa ted  from t h e  ca l i forn ium,  t h e  l a t t e r  w i l l  be s t o r e d  about 

one month t o  allow 2 5 3 E s  t o  !!grow in" from the  decay of 2 5 3 C f ;  then t h i s  

second-growth 2 5 3 E s  w i l l  be recovered. About 44 pg, 50 p g ,  and 65 i.ig of 

i s o t o p i c a l l y  pure 2 5 3 E s  w i l l  be "milked" from t h e  cal i fornium t h a t  w i l l  

be i s o l a t e d  i n  June 1971, December 1971, and June 1972, r e spec t ive ly .  

2 .3 .4  Fermium 

Each ba tch  o f  cal i fornium t h a t  i s  recovered from t h e  processing of 

HFIR t a r g e t s  w i l l  conta in  about 1 .5  x l o 7  atoms o f  257Fm pe r  mill igram 
of 2 5 2 C f .  Thus, about 6 .8  x l o 8  atoms w i l l  be a v a i l a b l e  i n  June 1971, 

7.5 x l o 8  atoms w i l l  be  a v a i l a b l e  i n  December 1971, and 9 .8  x l o 8  atoms 
w i l l  be a v a i l a b l e  i n  June 1972. Data t h a t  would permit u s  t o  p r e d i c t  

t h e  y i e l d s  i n  t h e  SRP r e a c t o r  are not  c u r r e n t l y  a v a i l a b l e ;  however, we 

e s t ima te  t h a t  t h e  SRP-slug campaigns w i l l  produce on t h e  order  of l o 9  

atoms. 
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2.4 Rate of Product ion of 252Cf  
During t h e  Period 1973 Through 1976 

The r a t e  a t  which 252Cf w i l l  be  produced during t h e  pe r iod  1973 

through 1976 depends upon t h e  amount and i s o t o p i c  conten t  of  t h e  feed  

ma te r i a l  (curium) t h a t  w i l l  be i r r a d i a t e d .  I t  i s  obvious t h a t  if t h e r e  

is not  enough feed  ma te r i a l  t o  keep t h e  HFIR t a r g e t  i s l a n d  loaded t o  

capac i ty ,  t h e  amount of 252Cf produced w i l l  be l e s s ,  The way i n  which 
t h e  i s o t o p i c  conten t  of t h e  feed curium a f f e c t s  t h e  r a t e  of product ion 

of  2 5 2 C f  i s  less obvious. 

t o  245Cm, 246Cm,  247Cm, 248Cm, and 249Cm i n  t h e  sequence of nuc lea r  

r e a c t i o n s  by which 2 5 2 C f  i s  produced. 
one- th i rd  of  t h e  247Cm t h a t  is  produced during i r r a d i a t i o n  i s  t r a n s -  

muted t o  t h e  next  heav ie r  i so tope ;  most of t h e  remainder i s  destroyed 

by f i s s i o n .  

upon t h e  i s o t o p i c  conten t .  

Curium-244 must be transmuted success ive ly  

Only o n e - f i f t h  of t h e  245Cm and 

Thus, t h e  va lue  of curium as a feed material i s  dependent 

Our p re sen t  supply of curium, which conta ins  s i g n i f i c a n t  amounts 

of 246Cm and 248Cm, w i l l  provide 252Cf a t  t h e  rates shown i n  t h e  lowest 

curve i n  Fig.  2 .1 .  The r a t e  w i l l  i nc rease  t o  0.275 g/year i n  1973, then  
decrease  because of  t h e  l imi t ed  supply.  

s tock  of curium with 200 g of curium (95% 244Cm) per  year  from t h e  
Curium-I1 Campaign a t  SRP, we w i l l  be a b l e  t o  achieve t h e  product ion 
ra tes  shown i n  t h e  middle curve.  By 1975 t h e  r a t e  w i l l  reach 0.5 g of 
2 5 2 C f  p e r  yea r ,  which could be maintained as long as 200 g of curium con- 
t a i n i n g  95% 244Cm i s  a v a i l a b l e  pe r  year .  The amounts l i s t e d  i n  Table 2 . 2  

were taken from t h i s  middle curve.  

By supplementing our p re sen t  

The product ion r a t e  of 252Cf a t  TRU would be  more than doubled i f  

we were t o  i r r a d i a t e  curium produced i n  t h e  Californium-I campaign, s i n c e  

t h i s  curium conta ins  about 24% 246Cm and about 1% 248Cm. The top  curve 

i n  Fig.  2 . 1  shows t h e  product ion rates of 252Cf  t h a t  would be achieved. 

The s t e a d y - s t a t e  product ion ra te  of about 1 .2  g of 252Cf pe r  year  (from 
200 g of curium p e r  year )  could be maintained f o r  10 t o  15 years  i f  a l l  

of t h e  curium from t h e  s l u g s  and tubes were committed t o  t h i s  use.  
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3. PROCESSES AND EQUIPMENT 

Figure 3 . 1  i s  a block diagram showing t h e  processing s t e p s  t h a t  

a r e  requi red  t o  process  the  SRP Californium-I s lugs .  
(1) t h e  p repa ra t ion  of a feed  s o l u t i o n  by d i s so lv ing  t h e  i r r a d i a t e d  

SRP-reactor s l u g s ;  (2) t h e  removal of r ad io iod ine  us ing  t h e  Pubex ba tch  
e x t r a c t i o n  process ;  (3) t h e  decontamination of t h e  t ransplutonium e l e -  

ments from f i s s i o n  products ;  (4) t h e  sepa ra t ion  of curium from t h e  
t ranscurium elements;  (5) t h e  sepa ra t ion  and p u r i f i c a t i o n  of berkelium, 

ca l i forn ium,  e ins te in ium,  and fermium; and (6) t h e  p repa ra t ion  of  curium 

oxide.  

These s t e p s  are: 

The processes  and equipment used a r e  gene ra l ly  t h e  same as those  

used t o  process  HFIR t a r g e t s .  
d i f f e r e n t  is  t h e  p repa ra t ion  of  curium oxide.  

by c a l c i n i n g  curium oxa la t e  a t  600°C ins t ead  of by the  s o l - g e l  process  
which is used f o r  prepar ing  oxide f o r  r ecyc le  t o  t h e  HFIR.  N e w  equip- 

ment i s  being f a b r i c a t e d  f o r  t h i s  s t e p .  

The only s t e p  which i s  s i g n i f i c a n t l y  

The oxide w i l l  be  formed 

Dif fe rences  which occurred during t h e  f irst  f i v e  processing s t e p s  
l i s t e d  a r e :  

(1) The r ad io iod ine  repor ted  almost e n t i r e l y  (94%) t o  t h e  c a u s t i c  
n i t r a t e  s o l u t i o n  used t o  d i s s o l v e  t h e  aluminum from t h e  s lugs .  Only 

about 50% of t h e  r ad io iod ine  r e p o r t s  t o  t h e  aluminum d i s so lven t  when 
H F I R  t a r g e t s  are processed.  

(2) The presence of l a r g e  amounts of  s o l i d s  i n  t h e  feed  s o l u t i o n s  

hampered t h e  planned Pubex and Tramex process  s t e p s ,  making it necessary 

t o  i n s e r t  a d d i t i o n a l  Pubex and Tramex ba tch  e x t r a c t i o n s  p r i o r  t o  t h e  

continuous Tramex so lvent  e x t r a c t i o n  s t e p .  We w i l l  i n s t a l l  f i l t e r s  
t h a t  have l a r g e r  c a p a c i t i e s  f o r  s o l i d s  c o l l e c t i o n  before  t h e  next  group 

of s l u g s  is processed.  
(3)  We processed 50 mg of 2 5 2 C f  i n  a s i n g l e  loading of t h e  ion  

exchange column f o r  t h e  sepa ra t ion  and p u r i f i c a t i o n  of t h e  transcurium 

elements,  by chromatographic e l u t i o n  us ing  a-hydroxyisobutyrate.  P r i o r  
t o  t h i s  campaign,the l a r g e s t  amount loaded and e lu t ed  success fu l ly  i n  
a s i n g l e  run was about 20 mg. In an e a r l i e r  run ,  35 mg was loaded on 

t h e  r e s i n  column but  was not  e lu t ed  success fu l ly .  
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Fig. 3.1. Processing Steps Used for Transuranium Element Production. 
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The processing capac i ty  of t h e  system was increased  by t h e  i n s t a l -  

l a t i o n  of a small loading column i n  f r o n t  of t h e  e x i s t i n g  column. 
loading column is an 8- in . - long p i ece  of 1/2-in.-diam tubing which con- 

t a i n s  about 20 m l  of Dowex 50W-X8 r e s i n .  
long ( a l s o ,  1/2-in.-diam tubing) .  The use  of the  small column reduces 

rad ia t ion- induced  damage of the  res in  by reducing t h e  r e s idence  time 
of 2 5 2 C f .  

r a f f ina te  by-passes t h e  large column. After t h e  ca l i forn ium i s  loaded, 
t h e  excess  r e s i n  below t h e  a c t i n i d e  loading must be converted t o  t h e  NH4 

form from t h e  H+ form(in which it was l e f t  by the  loading s t e p ) .  Because 

t h e  loading column is small, t h i s  res in-conversion s t e p  can be accomplished 
i n  about 10 min. Converting a l l  of t h e  r e s i n  i n  t h e  l a r g e  column would 
r e q u i r e  about 60 min. 

us ing  t h e  loading column reduces t h e  r e s i n  damage s u f f i c i e n t l y  t o  per -  

m i t  t h e  high loading of a c t i n i d e s .  

The 

The e x i s t i n g  column i s  4 f t  

When t h e  cal i fornium i s  loaded onto the  small column, t h e  

+ 

The 50 min of ca l i forn ium res idence  time saved by 

3 . 1  Iodine Removal System 

A l a r g e  iod ine  removal u n i t  (Fig.  3 .2)  cons i s t ing  of a c a t a l y t i c  

ox ida t ion  bed t o  des t roy  organic  vapors ,  followed by charcoal  beds f o r  
adsorbing iod ine ,  has  been i n s t a l l e d  f o r  t r e a t i n g  t h e  e n t i r e  v e s s e l  and 

cub ic l e  o f f -gas  system (450 cfm). Enter ing of f -gas  i s  hea ted  t o  about 
550°F i n  pass ing  through t h e  tubes of t h e  primary hea t  exchanger (counter-  

c u r r e n t  t o  t h e  e x i t  gas from t h e  c a t a l y t i c  ox ida t ion  bed) .  Addit ional  
e l e c t r i c  hea t  i s  provided t o  maintain t h e  c a t a l y s t  (Hopcalite) bed a t  

650 - + 25°F .  The gases  from t h e  Hopcal i te  bed a r e  cooled t o  about 225°F 
i n  t h e  s h e l l  s i d e  of t h e  primary hea t  exchanger and then cooled f u r t h e r  
t o  175 - + 25°F i n  a small, water-cooled exchanger. 

gases  pass  through two 1 - in . - th i ck  charcoal  beds i n  s e r i e s  f o r  i od ine  

removal. The ox ida t ion  s t e p  des t roys  organic  m a t e r i a l s  i n  t h e  o f f -gas  

and thus  improves t h e  e f f i c i e n c y  of t h e  charcoal  bed f o r  s o r p t i o n  of 

iod ine .  

The r e l a t i v e l y  cool 

During t h i s  r e p o r t  per iod ,  35 SRP-Californium-I s l u g s ,  which con- 
About 400 m C i  (0.1%) was t a i n e d  about 400 C i  of l3lI, were processed. 
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v o l a t i l i z e d  and reached t h e  system. 

below t h e  l i m i t  of  d e t e c t i o n  with t h e  sampling system used. 

ra te  of r e l e a s e  of 1311 was l e s s  than 6 p C i  pe r  day; system D F ' s  were 
g r e a t e r  than  700. Only one o u t l e t  sample contained enough a c t i v i t y  t o  

y i e l d  a meaningful DF, which was 9700. The system performed wel l  with 
no apparent  l o s s  i n  e f f i c i e n c y  over t h e  two-month du ra t ion  of t h e  pro- 

cess ing  campaign. 

The iod ine  r e l e a s e  rate was gene ra l ly  

The average 

4.  CALIFORNIUM NEUTRON SOURCES 

Much of t h e  ca l i forn ium recovered a t  TRU i s  incorpora ted  i n t o  neutron 

sources ,  which are  subsequent ly  loaned t o  r e sea rche r s .  

t h e  neutron sources  t h a t  have been f a b r i c a t e d  a t  TRU thus  f a r  a r e  l i s t e d  

i n  Table 4.1.  

s t e e l  i n  t h e  t y p i c a l  conf igura t ions  (not i d e n t i c a l  dimensions) shown i n  
Fig.  4.1.  

Data f o r  a l l  of 

Most of them have been encapsulated i n  type  304L s t a i n l e s s  

Recently,  sources  have been f a b r i c a t e d  from cal i fornium t h a t  had been 
This  h ighly  p u r i f i e d  from curium i n  t h e  new ca l i forn ium f a c i l i t y  i n  TURF. 

u l t r a p u r i f i c a t i o n  s t e p  makes t h e  ca l i forn ium s u i t a b l e  f o r  f u t u r e  reprocess-  
ing t o  recover  248Cm ( t h e  alpha decay product of 252Cf) t h a t  i s  f r e e  from 

2 4 4 C m  contamination. 
sources  are l i s t e d  i n  Table 4 .1 .  

The cu r ren t  248Cm conten ts  of t h e  ca l i forn ium 

4 . 1  Sources Fabr ica ted  During July-December 1970 

Eight  sources  were f a b r i c a t e d  during t h i s  r epor t  per iod.  Sources 

NS-19, NS-20,and NS-21 a r e  s tandard  s i n g l y  encapsulated sources ,  and 

NS-16, NS-24, and NS-26 are s tandard  doubly encapsulated sources .  Source 

NS-25, which i s  doubly encapsulated,  was s p e c i a l l y  f a b r i c a t e d  t o  t h e  same 

e x t e r n a l  dimensions (0.75 i n .  i n  diameter  by 0.87 i n .  high) as a lower- 

i n t e n s i t y  Pu-Be source which it  replaced.  

would have been too  l a r g e  t o  f i t  i n t o  a s p e c i a l  ho lder  i n  t h e  exper i -  

menter ' s  appara tus .  

A more i n t e n s e  Pu-Be source 
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Table 4.1. Data for Neutron Sources Prepared at TRU 

252Cf 252Cf z4%m 
Content at Content as Content as 

On Loan To Source Date of Calibration of 12-31-70 of 12-31-70 
(NS-) Calibration (UR) (uq) (UP) Individual Site 

la 

2 

3 

4 

SC 

6 

7 

8 

9 

10 

11 

12 

14 

1SC 

16 

18' 

19 

20 

21 

22 

24 

25 

2 Sd 

8-28-68 

8-23-68 

5-13-69 

7 - 09- 69 
8- 14-69 

11- 2 1-69 

1-21-70 

12- 17-69 

4-17-70 

3-11-70 

3-10-70 

6-30-70 

6-29-70 

6-25-70 

10-08-70 

6-24-70 

6-26-70 

7-01-70 

10-21-70 

9-10-70 

10-15-70 

11 - 09- 70 

311 

268 

s90 

925 

992 

783 

807 

1927 

1802 

118 

8 

1957 

4833 

975 

1736 

1008 

469 

605 

18 

13 

8 

56 

s10 

168 

145 

%59 

628 

69 1 

586 

63 1 

1468 

1497 

95 

6 

1715 

4233 

852 

1637 

880 

410 

531 

17 

12 

0 

54 

b 

b 

b 

283 

287 

188 

168 

438 

29 1 

b 

b 

231 

572 

117 

94 

122 

56 

71 

b 

b 

b 

b 

b 

J. L. Cason 

J .  E. Powell 

H. E. Banta 

C. F.  "asters 

F. B. Simpson 

R. W. Hoff 

T. F. Handley 

H.  Berqer 

N. D. Wogman 

J. P. Balagna 

R .  R .  Fullwood 

R. W. Hoff 

D. C. Stewart 

F. B. Simpson 

R .  Yoshimura 

F. B. Simpson 

J. E. Bigelow 

J. E. Bigelow 

F.  Cross 

W. S. Lyon 

J .  B. Davidson 

F .  J .  Muckenthaler 

J .  R. Engel 

PNL 

Sandia 

ORAU 

LASL 

I NC 

LRL-L 

ORNL 

ANL 

PNL 

LASL 

LASL 

LRL-L 

ANL 

I NC 

Sandia-NY 

INC 

ORNL-TRU 

ORNL-TRU 

PNL 

ORNL 

ORNL 

ORNL 

ORNL 

aThis source is encapsulated in aluminum. 

bThis source is not suitable f o r  recovery of 248Cm. 

'This source is encapsulated in type 405 stainless steel. 

%S-26 (about 10 p q )  has not been calibrated or delivered. 
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Fig.  4 .1 .  ORNL Standard Neutron Sources Using 2 5 2 C f  ( S t a i n l e s s  S t e e l ) .  
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. 

Source NS-22 conta ins  13  vg of 2 5 2 C f  i n  a qua r t z  bead coated with 
I t  was f a b r i c a t e d  f o r  u se  i n  developmental two l aye r s  of  epoxy r e s i n ,  

work on an a n a l y t i c a l  technique involving prompt gamma-ray spectroscopy. 

We are developing techniques f o r  f a b r i c a t i n g  sources  of platinum and 
niobium f o r  use  i n  gamma-ray spectroscopy.  

requi red  t o  minimize t h e  product ion of capture  gamma rays  i n  t h e  source 

capsules ,  which would decrease t h e  s e n s i t i v i t y  of t h e  a n a l y t i c a l  t ech-  
nique. 

These e x o t i c  ma te r i a l s  a r e  

In add i t ion  t o  t h e  e igh t  sources  j u s t  d i scussed ,  we made a series 
of four small neutron sources  of  t h e  quartz-bead type  f o r  an experimenter 
who wanted a source of "exactly" 1 vg of 2 5 2 C f .  The four  sources ,  which 

assayed 1 .0 ,  1 .2 ,  1 .35,  and 1.75 pg, were welded i n t o  0.25-in.-diam by 

0.5- in . - long s t a i n l e s s  s t ee l  capsules .  With t h i s  group of sources ,  t h e  

experimenter can s e l e c t  t h e  one t h a t  b e s t  s u i t s  h i s  needs; and, as t h e  

sources  decay, he can r ep lace  a weaker source with a s t ronge r  one. 

5.  SPECIAL PROJECTS 

The primary func t ions  of TRU are: (1) t o  f a b r i c a t e  t a r g e t s  f o r  

i r r a d i a t i o n  i n  t h e  HFIR t o  produce transuranium elements, and ( 2 )  t o  
i s o l a t e  and p u r i f y  transuranium elements f o r  use  by research  workers. 

The f a c i l i t i e s  t h a t  a r e  a v a i l a b l e  a t  TRU a r e  a l s o  used f o r  a v a r i e t y  

of  o the r  purposes such as nonrout ine product ions,  s p e c i a l  p repara t ions ,  
and s p e c i a l  i r r a d i a t i o n s  i n  H F I R ;  i n  each case, a unique s e r v i c e  can be 

provided t o  assist a research  program a t  ORNL o r  another  s i t e .  

5 .1  Rabbit Containing 244Pu 

A r a b b i t  conta in ing  0 .5  mg of 244Pu was i r r a d i a t e d  f o r  H. Diamond 

a t  ANL t o  produce 246Am. 

with gamma-ray spec t roscopic  s t u d i e s  of 246mAm produced a t  ANL i n  an 

a c c e l e r a t o r .  
t h e i r  purposes;  they  needed an a c t u a l  246Am s tandard  t o  be run on t h e  

same instrument as t h e  246mAm. 

A small background of 246Am was i n t e r f e r i n g  

The publ ished decay scheme of 246Am was not  adequate f o r  
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An o ld  244Pu p e l l e t ,  o r i g i n a l l y  i r r a d i a t e d  i n  our  first s p e c i a l  

bu t  never u t i l i z e d ,  was incorpora ted  i n t o  a new HFIR t a r g e t  i n  1968 
rabbit ,which was i n s e r t e d  i n t o  t h e  HFIR on November 18 f o r  an i r r a d i a t i o n  
pe r iod  of approximately 25 days. 

5.2 Rabbits Containing 241Am 

Two r a b b i t s ,  each conta in ing  1 mg of  241Am sorbed on molecular 
sieves,  were i r r a d i a t e d  5 min f o r  D.  0. Campbell. This  was p a r t  of 

a s e r i e s  of tes ts  of a new technique f o r  producing enriched i so topes  

o f  t h e  a c t i n i d e  elements,using t h e  Campbell r e a c t i o n .  2 
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7.  APPENDIX 

. We have t abu la t ed  t h e  decay d a t a  and t h e  c ros s  s e c t i o n  d a t a  t h a t  

we use  i n  planning i r r ad ia t ion -p rocess ing  cyc le s ,  c a l c u l a t i n g  product ion 

f o r e c a s t s ,  and assaying products .  The t a b l e s  w i l l  be reproduced com- 
p l e t e l y  i n  each of t h e s e  semiannual r e p o r t s ,  and changes made s i n c e  t h e  

preceding r e p o r t  w i l l  be ind ica t ed .  

d a t a  merely r ep resen t  numbers being used i n  our c a l c u l a t i o n s  and t h a t  

t h e  d a t a  are presented  on a "best  e f f o r t s "  b a s i s .  

mation is intended t o  be d e f i n i t i v e ,  i t  has  not  been checked and c ross -  

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

We wish t o  s t a t e  c l e a r l y  t h a t  t h e s e  

Although t h e  i n f o r -  

The Transplutonium Element Production Program is  now making nuc l ides  

a v a i l a b l e  i n  inc reas ing  abundance and p u r i t y ;  t he re fo re ,  i n  t h e  next  few 
years,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 lear  cons tan ts  

f o r  t h e  transuranium nucl ides .  However, s i n c e  we need such d a t a  a t  t h e  

present  time, i t  w i l l  not  be f e a s i b l e  f o r  u s  t o  wait u n t i l  h ighly  r e l i a b l e  

sources ,  such as Lederer3 and WapstraY4 can publ i sh  d a t a  t h a t  have been 

f u l l y  evaluated.  

We welcome telephone c a l l s  t o  po in t  ou t  e r r o r s  o r  i n d i c a t e  a d d i t i o n a l  

sources  of information.  Please contac t  John Bigelow, FTS 615-483-1872 
o r ,  by commercial te lephone s e r v i c e ,  615-483-8611, e x t .  3-1872. 

7 .1  Decay Data 

Table A - 1  is a list of a l l  nuc l ides  of i n t e r e s t  t o  t he  Transplutonium 
Element Production Program, ( i . e . ,  a l l  t h a t  can be produced by neutron 
bombardment of 2 3 8 U ) .  

ing 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 with l i t e r a t u r e  re ferences  

where a v a i l a b l e .  

mined by r e l a t i n g  t h a t  i s o t o p e ' s  h a l f - l i f e  t o  t h e  h a l f - l i f e  of some o t h e r ,  
re fe rence  i so tope .  

cepted f o r  t h e  h a l f - l i f e  of t h e  r e fe rence  i so tope ,  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 i t  have been r eca l cu la t ed .  

The l is t  inc ludes  va lues  f o r  h a l f - l i v e s  and branch- 

In  many cases ,  t h e  h a l f - l i f e  of an i so tope  was d e t e r -  

In  a few of these  cases ,  a newer va lue  has been ac- 

Such cases  
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Table A-1. Half-Life Valuesa for Isotopes of Transuranium Elements 

Underlines indicate new values since the previous report. 

Partial Half-Life P a r t i a l  Half - l i fe  Neutrons 
Nuclidc Total Half-Life for 0 k C * Y  Branchin8 Ratio. for Spontaneous Fission per Fission Reference2 

NP 
237 

'%p 2.10 - 0 .01  d 

2J9Np 2.359 ~ 0 . 0 1 0  d 

240Np 63  - 2 8 

24%p 7 . 3  - 0.3 m 

'"Np 16 rn 

"%p 3.4 h 

2 3 8 P ~  81.404 - 0.041 y 

2'9PU 

240PY 

2 4 1 P ~  14.98 y 0.33 y 

2UPu  

2 4 5 u  4.955 - 0.003 h 

2'4PU 

"'Pu 10.6 - 0.4 h 

246Pu 10.85 t 0.02 d 

241M 

16.01 t 0.02 h 242- 

'42.m 144 y 7 y 
243- 

2UAm 

2'bY 26 8 

10.1 y 0.1 h 

245- 2.01 y 0.02 h 

216Am 25.0 - 0 . 2  rn 

2-Am 4 0 - 7 .  

241Am 24 L J 8 

(2.14 L 0.01) I lo6 y 

(2.4413 - 0.0OJ) x I O 4  y 

6580 z 40 y 

(5.72 0 . ~ 1  lo5 

(3.869 y 0.016) x 10' y 

422.1 : 0 . 7  Y 

EC/B * 0.19 

(2.92 -0 .151 x IO4 y 

7310 : 40 y 

32 Y 

8265 180 y 

4711 t 22 y 

(1.64 f. 0.20)  I lo7 

(3.84 - 0.041 I. I O 5  y 

. I O 1 8  y 2. OOd 608r12. 6LOrO4 

SOFr53 

59c093 

60Le03 

4Wy61 

6OleO3 

601e03 

( 5  - 0 .6 )  I l 0 l o  y 

5 . 5  loLs  2. 21d 52Se61. 59W26 

(1 .340 0.015) x 10" y 2.257 y 0.046 511n03, 62W.13, 560162 

2.33 L 0.08 610r04, 6Ua15 .  56HiOl 

68Ca19. 608r15 

(7.45 0.17)  I 10" y 2.18 0.09 6YIaSO. 69M06, Sffl101 

680109 

(b.55 - 0.32) I loLo y 2.84' 66F107. 698e06 

5 6 8 ~ 9 2  

56Hc23 

6 i ~ r 0 4 ,  670e01 ( 2 . 3  0.8) I 10 l4  2. 4gd 

53Ke38 

59B&2lc 

688r22 

62Va08 

54Ch24 

5 6 8 ~ 9 2  

55En16 

670rO2 

670r02 

1 .2  x 106 y 2.65 0.09 SLH.87. 57Pt52, 56niO1 

5lAslO 

. 1 7 . ~ 3  o.ol )  2.84 2 0.09 65HeOl. 68M26. SbHiOl 

69He01 

3.08' 6 9 k 0 1  

63Fi08 

3.32d 69MeOl 

58E.06 

3.56' 66RG01 

4 S F  * 3822 y IO 

a/SF - 11.0 f. 3 

(1 .74 - 0.24) x lo4 y 
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Table A-1 (continued) 

P a r t i a l  Ha l f -L i f e  N C " t l O " l  
Refcrcncesb 

P O T ~ L P I  Half-Ltfe  
f o r  Spontaneous F i s s ion  pe r  F i s s ion  Nuclide Total Half-Life  f o r  a 0ec.y Branching Rat ios  

249Bk 314 5 8 d 

2soBk 3.222 5 0.005 h 

251Bk 57 5 1 .7  m 

a/0 = ( 1 . 4 5  0.08) 1 0 . ~  (1 .87 0 .09 )  lo9 3.72 f. 0.16 57E.01, 6911108, 64Py02 

59V.02 

66RCJJ4 

2'9Cf 352 6 y o/SF = (1.992 L 0.040) x 10' 

250Cf 13.08 0.09 y a/SF = 1260 L 40 

251Cf 900 t 50 y 

lS2Cf 2.646 5 0.004 y o/SF = 31.3 ~ 0 . 2  

2SSCf 17.812 5 0.082 d 

'"Cf 60.5 0.2 d a/SC = (3.10 f. 0.16)  x 10.' 

lSSCf 1 . 5  -0.5 h 

a l a  - (3.1 * 0.4)  x IO-' 

253Es 20.467 t 0.024 d 

254Es 276 d 

254% 39.3 5 0.2 h 

255Es 39.8 5 1 . 2  d 

256Es 25 5 3 m 

2s4Fm 3 . 2 4  0.01 h 

25sFm 20.07 0.07 h 

256Fm 2.62 5 0.03 h 

257Fm 94 5 IO d 

a/SF = 11.15  t 0.03) x IO' 

,2.5 lo7 

010 = 382 10 
t.C./0 - 0.00078 % 0.00006 

4 0  = 0.0866 0.0043 
0/SF - (2.22 -0.10) x IO4 

o/SF = 1695 8 

SF/o - (2 .4  y 1.1)  I. 

%loo\  SF 

6911e01, 69HiO8 1.44d 

3.56d 63Ph01, 69bk01 

69Me0 I 

3.796 0.031 65He02, 68yh04 

69Dr02. 66RGOl 

3.90 0.14 63Ph01, 64Py112, 6811e21 

70Lo19 

65He02. 69Dr02 

67Fi03. 67Un01 

62Un01. 63PhOl 

3.9Zd 

4 .  O l d  

66RG01, 67F101 4.16d 

68Ld  1 

4.05 f. 0.19 

4.16d 63Ph01, 64AsOl 

4 .  27d 68Hol3 

66RM 1 

561009. 67FiOJ. 56Ch83 

258Fm 380 5 60 ms 70Hu17 

%e h a l f - l i f e  values w e d  tn t h i s  t a b l e  were being used at TRU a t  t he  end of  t h e  r epor t  pe r iod .  

bReferenccs are decoded i n  Table A-2. 

'Published ~ i l u c s  are ad jus t ed  f o r  241Am h a l f - l i f e  of 432.7 y. 

%.he es t ima ted  by linear i n t e r p o l a t i o n  of t he  values f o r  244Cm and 252Cf, bared on nuclidic mass. 

- -  



24 

are footnoted  because t h e  h a l f - l i f e  va lue  i n  our  t a b l e  no longer  agrees  

with t h e  va lue  given i n  the  r e fe rence .  
s h i p  given i n  t h e  re ferenced  work. 

However, we d id  use  t h e  r e l a t i o n -  

The r e fe rences  used i n  Table A - 1  a r e  decoded i n  Table A - 2 .  The 

system o f  r e fe rences  i s  t h a t  used by t h e  Nuclear Data P r o j e c t  he re  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 ."  

der 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 ,  along with information con- 
cern ing  t h e  hazard a s soc ia t ed  with handl ing these  nuc l ides .  

Table A-3 l i s t s  

7 . 2  Neutron Cross-Section Data 

The va lues  of neutron c ross  s e c t i o n s  used t o  compute t ransmuta t ions  

i n  H F I R  t a r g e t  i r r a d i a t i o n s  are l i s t e d  i n  Table A-4. This t a b l e  shows 

s i x  parameters desc r ib ing  the  neutron i n t e r a c t i o n s .  The f irst  i s  t h e  

thermal-neutron cap tu re  c ros s  s e c t i o n ,  and the  t h i r d  i s  t h e  neutron cap- 

t u r e  resonance i n t e g r a l .  

func t ion  of t h e  t a r g e t  geometry; it is  used t o  e s t ima te  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  capture  c ros s - sec t ion ,  u 
be : 

The second parameter i s  a cons tan t  t h a t  i s  a 

would C 
e f f '  

C C 'res R I  + -  U = a  eff 2200 +,,,, J 1 + CN $ 

C where a2200 i s  t h e  thermal-neutron cap tu re  c ros s  s e c t i o n ,  N i s  t h e  number 
i s  t h e  average 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  rod ,  

f l u x  per  u n i t  l e tha rgy  width i n  t h e  resonance reg ion ,  

equiva len t  f l u x  of 2200-m/sec neutrons t h a t  would g ive  the  same r e a c t i o n  
r a t e  with 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 .  The 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  is computed by a similar r e l a t i o n s h i p  among t h e  

las t  t h r e e  parameters .  

'res 
and 42200 i s  t h e  

These c ros s  s e c t i o n s  a r e  t o  be regarded as a s e l f - c o n s i s t e n t  se t  
whereby one can compute o v e r a l l  t ransmutat ion e f f e c t s ,  and a s  a s e t  of 

a r b i t r a r y  cons t an t s  t o  be used t o  ob ta in  t h e  b e s t  f i t  t o  our d a t a .  

f u l l y ,  t h e s e  numbers and t h e  c ros s  s e c t i o n s  experimental ly  measured on 
pure  i so topes  w i l l  agree;  however, we w i l l  not  allow t h e  p o s s i b i l i t y  of a 
discrepancy t o  conf ine  us .  

Hope- 
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Table A-2. References for Table A-1 

Code Reference Code Reference 

(My61 

50Fr53 

51H.87 

5111103 

52Se67 

53Ke38 

54Gh24 

55-16 

56Bu92 

56Ch83 

56Di62 

56HiOl 

56Ho23 

561009 

57As70 

57Ea01 

57Pe52 

58Ea06 

598~21 

59co93 

59Me.26 

59VaO2 

601112 

60Br15 

60L003 

61Dr04 

62UnOl 

62Vr08 

E. K. Hyde. M. H. Studicr, and W. M. Manning, 
ML-4143 (April 15.  1948) and ANL-4182 
(August 4, 1948). 

M. S .  Freedman. A. H. Jaffey, and F. Wagner. 
Jr.. Phys. Rev., 79, 410-411 (1950). 

G. C. Hanna. 8. G. Harvey. N. Moss, and P. R 
Tunnicliffc, Phyr. Rev., E, 466-467 (1951). 
M. G. Inphru. D. C. Hers. P. R .  Fields, and 
G. L. Pyle. Phys. Rev., E, 1250 (1951). 
E. Sepr8. Phys. bv., 86. 21-28 (1952) 
T. K. Keenan, R .  A. Pcnncman, and 8. 8. 
Mclnteer. J. Chem. Phys., 21, 1802 - 1803 
(1953). 

A. Ghiorso. S. G. Thompson, G. R. Choppin, and 
8. G. Harvey. Phys. Rev.. 94, 1081 (1954). 

D. Enpclkemeir, P. R. Fields, T. Fried, G. L. 
Pvle. C. M. Stevens. L. 8. Amrev. C. I. Browne. . .  . ,. 
H. Louise Smith, and R. W .  Spence. J. Inorp. 
Nucl. Chn., 1, 345-351 (1955). 
J. P. Butler. T. A. Eastwood. T. L. Collins, 
M. E. Jones, F. M. Rourke, and R. P. Schumsn, 
Phys. Rev., 103. 634 (1956). 
G. R. Choppin. B. G. Harvey, D .  A. Hicks, 
J. Ire, Jr., and R. V .  Pyle, Phys. Rev., 102, 
766 (1956). 

8. C. Diven, H. C. Martin, R .  F. Taschek, and 
J. Terrell. Phys. Rev., E, 1012-1015 (1956). 
D. A. Hicks, J. Ise. Jr., and R. V. Pyle, Phyr. - Rev., E, 1016-1020 (1956). 
D. C. Hoffman and C. I. Brome, J a .  
Nucl. Chem., 2. 209 (1956). 
M. Jones, R. P. Schuman. J. P. Butler, 
G. Cowper, T. A. Eastwood, and H. G. 
Jackson, Phys. Rev., 2, 203-207 (1956). 
F. Asaro, S. G. Thompson, F. S. Stephens, Jr., 
and I. Perlman. Bull. Am. Phys. SOC.. E, 
393 (1957). 

T. A. Eastwood, J. P. Butler, M. J. Cabell, 
H. G. Jackson. R. P. Schuman, F. M. Rourke, 
and T. L. Collins, B v s .  Re v., m, 1635-1638 
(1957). 

R. A. Pennemsn, L. H. Treiman, and 8. Bevan, 
as reported by D. C. Hoffman, G. P. Ford, 
and F. 0. Laurence, J. Inorg. Nucl. Chem., 
5 .  6-11 (1957). 

T. A. Eastwood and R .  P. Schluan, J. Inorfi. 
Nucl. Chn., a, 261-262 (1958). 

R. F. Barnes. D.  J. Henderson. A. L. Harkness, 
and H. Diarond, J. Inorg. Nucl. Chem.. 9, 105-107 
(1959). 

D. Cahen, J. C. Sullivan, and A. J. Zielen, 
-, 11, 159-161 (1959). 

T. L. Markin, J. Inorp. Nucl. Chem., 9, 
320-322 (1959). 

S. E. Vandenbosch, H. Diamond, R. K. Sjoblom, 
and P. R .  Fields. v., & 115-121 
(1959). 

F. P. Brauer. R .  W. Strmatt, J. D. Luduick, 
F. P. Roberts, and W. L. Lyon, J. Inorp. Nucl. - Chem., 12, 234-235 (1960). 
F. Brown. G. G. George. D. E. Green, and 
D. E. Watt, J. Inorp. Nucl. Chem., E, 192- 
195 (1960). 

R. M. Lesrler and M. C. Michel. Phys. Rev., 
118, 263-264 (1960). - 
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Khlcbnikov, Sov. Phyr. JETP. e, 913-914 (1961). 
J. Unik, P. Day, and S. Vandenbosch, w. %. , E, 284-304 (1962). 
S. E. Vandenbosch and P. Day, Nucl. Phys.. 
30, 177-190 (1962). - 

62Wal3 

63FiO8 

63Ma50 

63Ph01 

64As01 

64Py02 

65Me02 

66Fi07 

66RG01 

66RG04 

67Fi03 

670~01 

670102 

67Un01 

68Be21 

688~26 

68Br22 

68Ca19 

68Di09 

68Ho13 

6glo15 

68Loll 

68wh04 

69Be06 

69Dr02 

69Me01 

69Mi08 

70Hu17 

70Lo19 

D. E. Watt. F. J. Bannister, J. 8. Laidler. 
and F. Brown, Phys. Rev.. e, 264-265 (1962). 
P. R. Fields, A. M. Friedman, J. Lerner, 
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1249-1250 (1963). 
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L. Phillips, R .  Gatti, R. Brandt, and S. G. 
Thompson, J. Inorp. Nucl. Chem., E, 1085-1087 
(1963). 

F. Asaro. S. Bjrnholm, and I. Perlman. 
Phys. Rev., E, 8291-8300 (1964). 
R. V. Pyle, Unpublished results as reported in 
E. K. Hyde, "Fission Phenomena", Prentice Hall, 
Inc., (1964). 

D. Metta, H. Diamond, R .  F. Barnes. J. Milsted, 
J. Gray, Jr.. D. J. Henderson, and C. M. Stevens, 
J. Inorp. Nucl. Chem.. 27, 33-35 (1965). 
P. R .  Fields, A. M. Freidman, J. Milsted, 
J. Lerner, C. M. Stevens, D .  Metta, and W. K. 
Sabine, Nature, 212. 131 (1966). 

Combined Radiochemistry Group, LRL, LASL, and 
ANL. Phys. Rev., '4g. NO. 3. 1192-1198 (1966). 

Arponne Heavy Element Group (unpublished data). 
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Table A-3. Propertiesa of Transuranium Nuclides 

Underlines indicate new values since the previous report. 
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Table A-4. Neutron Cross Sections Used to Compute Transmutations in HFIR Target Irradiation 

Capture Fission 
22004s R O S o n M C e  Resonance 2200-a/s Resonance Resonance 

Cross Section Self-Shieldin# 1nte;ral Cross Section Self-Shieldinl Inte;ral 
Nuelid. Half-Life (barns1 COnSCUlf  (barns) (barns) Constant (barns) 

87.404 y 

24.413 y 

6580 y 

14.98 y 

3n.900 Y 

8.28 10' 

4.955 h 

10.6 h 

10.85 d 

10.1 h 

26 a 

49 

2.07 h 

25.0 a 

- 
- 
- 

18.099 y 

8265 y 

4711 y 

1.64 lo7 

352,000 y 

64 8 

17.400 Y 

314 d 

1.222 h 

Y 

11.08 y 

2.646 y 

17.812 d 

60.5 d 

1.5 h - 
20.467 d 

276 d 

S9.3 h 

39.8 d 

25 8 

3.24 h 

20.07 h 

2.62 h 

94 d 

380 I - 

560 

265.7 

290 

360 

18.1 

80 

1.6 

277 

0 

75 

0 
0 
0 

0 

0 

12.0 

340 

1.25 

60 

5.2 

2.8 

2 

I 

- 
- 
- 

1451 

350 

- 

450 

1900 

2360 

19.8 

12.6 

50 

0 

- 
- 
- 

- 
- 

Y5 

20 

1.26 

60 

0 

76 

26 

45 

10 

0 

- 

0 

0 

0 

7.409 

0 

0 

0 

0 

2.126 

0 
0 

0 

0 

0 

- 

6.9 

2.4 

2.4 

0 

1.471 

0 

0 

- 
- 

2.4 

0 

- 

1.46 

13.3 

14 

0 

0 

0 

- 
- 
- 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 - 

150 

195 

8453 

166 

1280 

0 

0 

0 

0 

1500 

0 
0 
0 

0 

0 

650 

100 

121 

500 

250 

0 

0 

- 
- 
- 

1240 

0 

- 

750 

6670 

7000 

44 

0 

1650 

0 

- 
- 
- 

- 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 - 

16.5 

742.4 

0.05 

1011 

0 

210 

0 

0 

0 

0 

2 300 

0 

1128 

0 

0 

- 
- 
- 

1.2 

1920 

0 

120 

0 

50 

0 

- 

- 

0 
so00 - 

1690 

0 

3280 

0 

1300 

0 

0 

- 

- 

- 

0 

3060 

1040 

0 

0 

0 

100 

0 

5500 

0 

- 
- 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

- 
- 

6.9 

2.4 

0 

0 

0 

0 

0 

- 

0 

0 

6.0 

0 

- 

sr 
0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

25 

324 

0 

541 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

- 
- 

12.5 

1140 

0 

lodo 

0 

0 

0 

- 
- 

- 

0 

0 

2920 

0 

47000 

56 

0 

0 

0 

- 

- 
- 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 - 



29 

I t  should be poin ted  out t h a t  244cAm is  a f i c t i t i o u s  i so tope  which 

i s  used t o  s impl i fy  t h e  c a l c u l a t i o n  of t h e  main t ransmutat ion chain in -  
volving 244Am. The p r o p e r t i e s  of 244cAm were ca l cu la t ed  from the  prop- 
e r t i e s  of  t h e  real  isomers 244gAm and 244mAm by assuming t h a t :  (1) t h e  

number of  atoms of 244cAm present  equals  t h e  t o t a l  number of atoms of 

t h e  real  isomers;  ( 2 )  t h e  B decay from 244cAm equals  t h e  t o t a l  B decay 
from t h e  r e a l  isomers;  (3) t h e  f i s s i o n s  from 244cAm equal t h e  t o t a l  

f i s s i o n s  from t h e  r e a l  isomers; (4) t h e  isomers a r e  i n  equi l ibr ium with 
t h e i r  common parent  243Am while t h e  r e a c t o r  i s  opera t ing ;  and (5) the  
only s i g n i f i c a n t  product ion and removal f a c t o r s  a r e  the  removal of t h e  

isomers by decay and neutron absorp t ion ,  and t h e  product ion of t h e  isomers 
by t ransmutat ion from 243Am. Thus, 

(1) Nc = N + Nm, 
g 

( 2 )  AcNc = A N + AmNm, 
g g  

f f f (3) ocNc = u N + umNm, 
g g  

dNg dNm 
= 0 ,  and (4 )  dNc - - - _ - _ -  

d t  d t  d t  

a C 
2 2  (5) (A; + ui@)Ni = f ,U . N 2 4 3 ,  

where s u p e r s c r i p t s  f ,  a ,  and c r e f e r  t o  f i s s i o n ,  neutron absorpt ion,and 

neutron capture ;  subsc r ip t  i r e f e r s  t o  t h e  i t h  isomer, c ,  g ,  o r  m ;  and 
f .  i s  t h e  f r a c t i o n  of neutron captures i n  243Am r e s u l t i n g  i n  t h e  i t h  
2 

isomer, such t h a t  f c  = f + fm = 1. 
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