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V 

SUMMARY 

. This is the seventeenth report in a series that is being issued semi- 

annually to inform the heavy-element community of the status and future 

production plans of the Transuranium Element Production Program at ORNL. 

During the period January 1, 1976, through June 30, 1976, we obtained 

transuranium elements from ten irradiated HFIR targets; products recovered 

are listed in Table 2.1 on p. 3. About 50 mg of high-purity 248Cm was puri- 

fied chemically for shipment, and another 75 mg of 248Cm was separated from 

252Cf. 

and the amounts of nuclides are listed in Table 2 . 2  on pp. 4-5. 

HFIR targets, each containing approximately 9 g of curium, were fabricated. 

Forty shipments were made from TRU during the period; recipients 
Nineteen 

During the next 18 months, we expect to obtain totals of 70 mg of 249Bk, 

815 mg of 252Cf, 3.1 mg of 253Es (in a mixture of isotopes), 360 pg of high- 

purity 253Es, and 1.7 pg of 257Fm; we also expect to make available 150 mg 

of high-purity 248Cm. There are no plans to process any of the remaining 

SRP plutonium-aluminum tubes or to irradiate any plutonium targets in the 

H F I R ;  thus, we do not expect to recover any 244Pu. 

There have been no changes during this report period in the chemical 

processing flowsheets normally used at TRU. 

Five neutron sources were fabricated, bringing the total fabricated 

to 84. 

returned to TRU and are available for reassignment. 

Six sources that were used previously in various projects have been 

Special projects included (1) the continued study of 250Cm production 

by irradiation of 248Cm; ( 2 )  the production of 0.54 mg of 250Cf by irradia- 
tion of  249Bk; (3) the separation of approximately 200 pg of 254Cf from 

39 -hr 254mEs that was produced by irradiation of 5 pg of 253Es; and (4) the 

determination of process steps needed to obtain rare-earth fission products 

in an oxide form from LiC1-based anion exchange raffinate solution. 

The values that we are currently using for transuranium element decay 

data and for cross-section data in planning irradiation-processing cycles, 

calculating production forecasts, and assaying products are tabulated in 

the Appendix. 



. 
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1. INTRODUCTION 

This is the seventeenth report in a series that is being issued semi- 

annually to inform the heavy-element community of the status and the future 

production plans of the Transuranium Element Production Program at ORNL. 

The objective of these reports is to provide information that will enable 

users of the products to obtain maximum service from the production facili- 

ties at ORNL. 

the short term; long-range plans can be markedly influenced by feedback from 

researchers and other users of transuranium elements. 

Production plans and schedules are sharply defined only for 

TRU operations during this report period are summarized, and the amounts 

of materials obtained and shipped are listed. 

and anticipated yields of various products in the near future are outlined, 

The original and current contents (252Cf and 248Cm) of existing neutron 

sources that have been made at TRU, as well as the individuals to whom these 

sources are currently loaned, are tabulated. Special projects are described; 

these projects were designed to (1) study the production of 250Cm by irradia- 

tion of 248Cm, (2) produce 250Cf by irradiation of 249Bk, (3) produce enriched 

254Cf by irradiation of 253Es, and (4) isolate a portion of the Campaign 50 

rare-earth fission products in an oxide form. Values of nuclear parameters 

which were used as input data for the calculations of production rates for 

transuranium elements, along with a listing of the parameters which were used 

to calculate the specific activities of the isotopes that are of interest to 

TRU, are included in the Appendix. 

Proposed processing schedules 

Previous reports in this series are: 

(1) For period ending June 30, 1968 -0RNL-4376. 
(2) For period ending December 31, 1968 - ORNL-4428. 
(3) For period ending June 30, 1969 -0RNL-4447. 
(4) For period ending December 31, 1969 -0RNL-4540. 
(5) For period ending June 30, 1970 - ORNL-4588. 
( 6 )  For period ending December 31, 1970 -0RNL-4666. 
(7) For period ending June 30, 1971 -0RNL-4718. 
(8) For period ending December 31, 1971 - ORNL-4767. 
(9) For period ending June 30, 1972 -0RNL-4833. 
(10) For period ending December 31, 1972 - ORNL-4884. 
(11) For period ending June 30, 1973 - ORNL-4921. 
(12) For period ending December 31, 1973 - ORNL-4965. 



2 

(13) For period ending June 30, 1974 -0RNL-4991. 
(14) For period ending December 31, 1974 -0RNL-5034. 
(15) For period ending June 30, 1975 -0RNL-5084. 
(16) For period ending December 31, 1975 -0RNL-5146. 

2.  PROCESSING SUMMARY AND PRODUCTION ESTIMATE 

The isotopic concentrations of the various transuranium elements are 

not constant but are functions of irradiation histories and decay times. 

We have selected one isotope of each element t o  use in making material 

balances for the isotopic mixtures normally handled in TRU. Except in 

special instances, 242h, 243* , 244Cm, 249Bk, 252CfJ and 253Es are the 
isotopes used for tracing the corresponding elements. 

report section, we are discussing mixtures of isotopes unless we indicate 

otherwise. 

Throughout this 

2.1 Processing Summary 

One TRU campaign (No. SO) was made between January 1, 1976, and June 30, 
1976, to obtain transuranium elements from ten irradiated HFIR targets; 

products are listed in Table 2.1. 

that had been recovered from previous HFIR irradiation of Californium-I 

(Cf-I) curium. Californium-I was a Savannah River Plant (SRP) irradiation-- 

TRU processing campaign made to obtain 252Cf for use in a 252Cf market evalua- 

tion program conducted by the ERDA Division of Nuclear Fuel Cycle and Produc- 

tion (DNFCP). Much of the curium recovered during the Cf-I campaign has been 

irradiated in the HFIR to produce transcurium elements. 

These targets originally contained curium 

Two batches of high-purity 248Cm were processed. (High-purity 248Cm 

typically contains 97% 248Cm, 3% 246CmJ and less than 0.01% 244Cm.) 

50 mg of the first batch, which had been initially separated from 252Cf dur- 

ing an earlier report period,' was purified from residual 252Cf and packaged 

for shipment. 

separated from 110 mg of 252Cf during this report period. 

( 2 . 5  mg) of 248Cm, obtained during the final purification of the californium 
product from Campaign 49, was isolated, sampled, and analyzed to determine 

About 

The second batch (calculated to contain 75 mg of 248Cm) was 
Another small batch 
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Table 2 . 1 .  Amounts of m a t e r i a l s  recovered i n  t h e  major campaign 
i n  t h e  Transuranium Processing P lan t  during t h e  per iod 

January 1, 1976, through June 30, 1976 

Campaign number 
50 

Completion d a t e  

Material processed 

Amounts recovered 

Am, ga 
24 3 

2 4 4 ~ m ,  ga 
249 

Bk, mg 
2 5 2 ~ f y  mg 
253Esy mg 
257 

Fm, Pg 

February 

10 Cf-I Cm-HFIR 
t a r g e t s  p lus  rework 

2 
50 (107)b 

29 
277 

1 .7  

0.5 

a 

bThe amount shown i n  parentheses  i s  t o t a l  curium. 
Americium and curium are not  u s u a l l y  separated from each o t h e r .  

t h e  250Cm concentrat ion f o r  comparison with a c a l c u l a t e d  value (see Sec t .  

5 .1 ) .  
and 0.1% 244Cm ( t h i s  was not  considered t o  be high-puri ty  248Cm because of 
t h e  r e l a t i v e l y  high concentrat ion of 
for a l l o c a t i o n .  

The composition of t h i s  batch was approximately 98% 248Cm, 2% 246Cm, 

244 Cm). This material i s  now a v a i l a b l e  

Forty shipments were made from TRU. Recipients  and t h e  amounts of 
nuc l ides  shipped are l i s t e d  i n  Table 2 . 2 .  

Nineteen H F I R  t a r g e t s  were f a b r i c a t e d .  Each contained approximately 

9 g of  curium i n  t h e  form of curium oxide--aluminum p e l l e t s  t h a t  had been 

pressed t o  80% of  t h e  t h e o r e t i c a l  dens i ty  of t h e  p e l l e t  co re .  The curium 
had been recovered during t h e  C f - I  campaigns a t  TRU and had an i s o t o p i c  

composition ranging from 57 t o  66% 244Cmy 27 t o  34% 246Cm, and 1.9 t o  2.7% 
2 4 8 ~ m .  
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Table 2.2. Distribution of heavy elements from the 
Transuranium Processing Plant during the 
period January 1, 1976 -June 30, 1976 

- 

TRU file Shipped to: 
Major nuclide Date No. Individual Site 

Tin-126 (%\Is%), ug 

140 6-22-76 

Americium-243, g 

2.08 3- 09-76 

Curium-243 (56%), mg 

0.93 
1.26 
5.06 
7.25 
- 

5- 19-76 
6- 25 -76 
6-25-76 

Curium-248 (97%), mg 
25.0 2-20-76 
25.0 
50 .O 
- 

Berkelium-249, mg 
2.369 
5.685 
0.0011 
2.369 
2.2s 
4.4 
0.0018 
2.132 
19.2079 

2-20-76 

3-31-76 
3-31 - 76 
3-3 1-76 
4-02-76 
5- 13- 76 
6-09-76 
6-09-76 
6- 21-76 

Californium-249, mg 

0.622 6-17-76 
0.49 6- 17-76 
0.828 6-17-76 
0.828 6-18-76 
2.768 

Californium-250 (89%), mg 
0.54 4-26- 76 

866 

836 

812 
863 
864 

830 
831 

839A 
840 
84 3 
842A 
842B 
838 
854 
839B 

850 
855 
856 
85 7 

849 

C. J. Orth LASL 

Iso.  Res. Mat'l. Lab. ORNL 

Isotopes Sales for USEPA, Nevada 
G. Struble LLL 
J. J. Thompson Lovelace 

N. M. Edelstein LBL 
R. G. Haire ORNL 

N. M. Edelstein LBL 
R. W. Hoff LLL 
F. P. Hungate PNL 
M. M. Abraham ORNL 
R. G. Haire ORNL 
W. T. Carnall ANL 
Isotopes Sales for Sandia, W 
N. M. Edelstein LBL 

W. T. Carnall ANL 
Isotopes Sales for Sandia, NM 
N. M, Edelstein LBL 
R. J. Silva ORNL 

W. T. Carnall ANL 



5 

Table 2.2. (continued) 

Major nuclide 
TRU file Shipped to: 

Date No. Individual Site 

Californium- 25 2, mg 

44.278 1-08-76 
0.011 1-09-77 
0.0614 (NSD-49) 2-02-76 
0.0135 (NSD-91) 2-02-76 
0.1153 (NSD-51) 3-08-76 
19.931 (NSD-87) 4-05-76 
0.0816 (NSD-48) 4-12-76 
1.085 (SR-Cf-167) 4-23-76 
0.028 5-19-76 
0.0419 (NSD-56) 6-29-76 
65.6467 

Californium-254, pg 
19 6-22-76 

Einsteinium-253, pg 

300 
409 
60 
22 
27 
5 
10.7 
833.7 

2-13-76 
2- 17-76 
3-10-76 
3-11-76 
3-11-76 
4-02-76 
6-21-76 

Einsteinium-253 (milked), pg 

57 4-01-76 
11.2 4- 02- 76 
68.2 

Fermium-257, pg 

0.54 3- 05- 76 

810 
821 
823 
823 
835 
721 
84 8 
85 1 
85 3 
822 

865 

825A 
824 
82SB 
826B 
827 
833 
826A 

847 
846 

829 

A. R. Boulogne 
Isotopes Sales 
L. J. Esch 
L. J .  Esch 
F. J . Muckenthaler 
G. I. Gleason 
A. C. England 
J .  E. Rushton 
R. J. Silva 
M. M. Bretscher 

J. B. Wilhelmy 

R. G. Haire 
W. T. Carnal1 
R. G. Haire 
D. C. Hoffman 
R. W. Hoff 
F. P. Hungate 
D. C. Hoffman 

R. G. Haire 
R. W. Hoff 

D. C. Hoffman 

SRL 
ORNL 
KAPL 
KAPL 
ORNL 
ORAU 
ORNL 
ORNL 
ORNL 
ANL 

LASL 

ORNL 
ANL 
ORNL 
LAS L 
LLL 
PNL 
LAS L 

ORNL 
LLL 

LAS L 
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2.2 Irradiation and Processing Proposals 

The level of TRU operations is expected to continue at two processing 

campaigns per year to produce transcurium elements. 

of the capability of the TRU-HFIR complex to produce the "yardstick" isotope 

252Cf was described in a previous report in this series.2 Table 2.3 out- 

lines the estimated production of transcurium elements from a series of 

likely processing campaigns that are scheduled through December 1977. 

jected estimates for 1978 and 1979 are based on current trends. 

A long-term projection 

Pro- 

2.3 Estimates of the Availability of Transuranium Elements 

The amounts of transcurium elements expected from each campaign are 

shown in Table 2.3. 

of 70 mg of 249Bk, 815 mg of 252Cf, 3.1 mg of 253Es (in a mixture of isotopes), 

360 pg of high-purity 253Es, and 1.7 pg of 257Fm. 

by means of a method described in a previous report in this ~eries.~ That 

method requires the use of assumed values for chemical yields and recovery 

times for each of the transplutonium elements that are separated at TRU. 

The assumed values are based on past performance data, and the most recently 

revised values are listed in Table 2.4 of ref. 4 .  

During the next 18 months, we expect to recover a total 

These estimates were made 

Plutonium, americium, and curium that are separated from the trans- 

curium elements during the processing of irradiated targets are generally 

considered to be intermediate feed materials. However, two isotopes of 
these elements, 244Pu and 248Cm, which are valuable research materials, are 

frequently recovered. Within the next 18 months, we do not plan to process 

any of the remaining Cf-I materials irradiated at SRP or to irradiate any 

plutonium targets in the HFIR; thus, we do not expect to recover any 244Pu. 

On June 30, 1976, TRU had an inventory of purified californium in 

several batches, which contained totals of 650 mg of 252Cf and 154 mg of 
248Cm. 

californium and curium. The curium thus obtained is considered to be high- 

purity 248Cm; typical isotopic composition is 97% 248Cm, 3% 246Cm, and 

<0.01% 244Cm. 

At appropriate times, each batch will be processed to separate the 

The 246Cm is produced by decay of *'OCf, which is present 

. 



Table 2.3. Estimated future production of transcurium elements 

b 252Cf Droduction 
During 

Products of campaigns the 
24gB3, 252cf 253Esa 257Fm period Cumul. Date products 

Period Processing campaign (mg) (mg) (ug) (pg) (mg) (mg) avai lab 1 e 

Through June 1976 1951b 

} 22 270 1060 (120) 0.6 270 2221 October 1976 
4 Cf-I Cm-HFIR targets 
7 TRU Cm-HFIR targets July-December 1976 { 

4 } 24 275 960 (120) 0.5 275 2496 February 1977 7 Cf-I Cm-HFIR targets 
5 TRU Cm-HFIR targets January-June 1977 { 

270 1060 (120) 0.6 270 2766 October 1977 5 Cf-I Cm-HFIR targets 
6 TRU Cm-HFIR targets July-December 1977 { 

1978 

1979 

540 3306 

540 3846 

a 

bCalifornium produced in SRP irradiations is not included in production totals. 

Amounts from initial separation. Amounts "milked" from californium product fraction after decay period 
are given in parentheses. 

recovered from 164 SRP slugs and 21 SRP tubes processed between November 1970 and January 1973. 
A total of 720 mg was 
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in the californium. 

in July 1976, and an additional 100 mg during 1977. 

We expect to make available 50 mg of high-purity 248C~ 

3. PROCESSES AND EQUIPMENT 

There have been no changes in the chemical processing flowsheets or 

equipment used at TRU during this report period. 

ing equipment at TRU is generally good and is continually maintained. 

The condition of process- 

4. CALIFORNIUM NEUTRON SOURCES 

Some of the californium recovered at TRU is incorporated into neutron 

sources, which are subsequently loaned to researchers. Data for existing 

neutron sources that have been fabricated at TRU are listed in Table 4.1. 

Most of the sources were fabricated into one of the four standard models 

illustrated in Fig. 4 . 1  of ref. 3, and are designated in the table by a 
three-letter prefix. Nonstandard sources are designated simply NS-. The 

three-letter prefix indicates whether the source is singly or doubly encap- 

sulated, and whether it is fabricated from type 304L stainless steel or 

Zircaloy-2. The characteristics of standard source capsules are listed in 

Table 4.2 of ref. 3. 

4.1 Sources Fabricated During January-June 1976 

Five sources, NSD-87 and NS-82, -83, -84, and -85 were fabricated dur- 

ing this report period. The latter four were fabricated in a nonstandard 

form specified by the user. 

4 . 2  Sources Returned 

An increasing number of neutron sources are being returned as the 

projects for which they were requested are completed or as replacement 

sources are ordered to make up for decay of the 252Cf. The returned 

sources are available for reassignment until the appropriate time for 



Table 4.1 Data f o r  neutron sources  prepared a t  TRU 

252Cf 
Content at Content a s  of 6130176 

Date of c a l i b r a t i o n  252Cf 248cm On loan to:  
Source c a l i b r a t i o n  (ug) (UP) (ug) Indiv idua l  S i t e  

NS-la 

NS-2 

NS-3 

NS-4 
d NS- 5 

NS-6 

NS-7 

NS-8 

NSD-9 

NSS-10 

NS-11 

NSS-12 

NSD-13 

NSS-11 

NS-15 

NSS-17 

d 

NS-1ad 

NSS-19 

NSD-20 

NSS-21 

NS-22 

NSD-24 

NS-25 

N S D - ~ ~  

NSD-27 

NSD-28 

NSE-29 

NSE-30 
NZD-31 

NZD-34 

NZE-35 
NS- 36d 

NSD-37 
NSD- 38 

NS-39 
NSD-40 

NSD-41 

NSD-42 

NSE-43 

NZD-44 
NSD-45 

NSD-46 

8-28-68 

8-23-68 

5-13-69 

7-09-69 
8-14-69 

11-21-69 

1-21-70 

12-17-69 

4-17-70 

3-11-70 

3-10-70 

6- 30- 70 

3-19-71 

6-29-70 

6-25-70 

8-31-71 

6-24-70 

6-26-70 

7-01-70 

10- 2 1- 70 
9-10-70 

10-15-70 

11-09-70 

2-11-71 

1-29-71 

2-12-71 

9-10-71 

3-31-71 
11-23-71 

11-23-71 

11-23-71 

3-23-71 
9-04-71 
6-16-71 

11-07-71 

4-27-72 

11-08-71 

11-02-71 

4-20-72 

5-15-72 

8-18-71 

4-23-72 

316 

254 

9 0  

883 

946 
747 

788 

1839 
1720 

113 
8 

1868 
4649 

4615 

931 

4886 
962 

493 

630 

18 
13  

6 
58 
1 4  

2528 

11 

11393 

879 
1733 

19fi 
1904 

2070 

9838 
102 

942 
1154 

5117 
4434 

4839 
10731 

A776 
629 

41  
32 

-14 
142 

156 

132 

146 

332 

339 
22 

2 

388 

1165 

957 

193 

1378 

199 
102 

131 
4 
3 
1 

13 

3 

611 
3 

3236 
222 

519 

576 

570 
520 

2783 

27 

279 

387 

1516 

1613 

3641 

496 

1308 

210 

b 

b 

b 

707 

753 

586 
612 

1437 

1317 
b 

b 

1412 

3323 
3488 

704 

33L6 

728 

373 

476 

b 

b 

b 

b 

b 

1828 

b 

7779 
626 
1158 

1285 

1272 

1478 

6729 
b 

632 

732 

3434 

2981 

3077 
6761 
1220 

399 

K.  L. Swinth 

C 

C. I .  Cleason 

C. F. Masters 
F. B. Simpson 

A .  W. Hoff 

C 

H. Berger 

N .  D. Wogman 

J. P. Balagna 

R. R .  Fullwood 

R .  W.  Hoff 

H.  0. Menlove 

D. C.  Stewart 

F. B. Simpson 

L.  W. Dahlke 

F. B. Simpson 

J. E. Bigelow 

J. E. Powell 

F. Cross 

J .  E. Bigelow 

J .  E.  Rushton 

F. J.  Muckenthaler 

H .  0. Menlove 

L. C.  Nelson, Jr. 

E.  E .  Hicks 

S .  C .  Snow 

C 

J. L. White 

W .  C .  Spear 

C 

F. B. Simpson 

R .  W. Perkins  

H. 0. Menlove 

'4. Spiegel  

C 

C.  J .  Emert 

C. J. Emert 

C .  J .  Emert 

F. B. Simpson 

K.  L .  Swinth 

H.  0. Menlove 

PNL 

ORAU 

LASL 

ANC 

LLL 

ANL 
PNL 

LASL 

LASL 

LLL 
LASL 

ANL 
ANC 

Sandia-Livermore 

ANC 

oRm-mu 

p m  

Sandia-NM 

om-mu 
ORNL 

ORNL 

LASL 

New Brunswick 

Rocky F l a t s  

Y-12 

HEDL 

HEDL 

ANC 
PNL 

LASL 
NBS 

BAPL 

W L  

BAPL 

ANC 

Pm 
LASL 



Table 4.1 (cont inued)  

252Cf 
Content at Content as of 6/30/76 

Date of c a l i b r a t i o n  252Cf 2% On  OM t o :  
Source c a l i b r a t i o n  (ug)  (UP) (ug) Indiv idua l  S i t e  

NSD-47 
N S D - ~ ~  

NSD-49 

NS-50 

NSD-51 

NSD-52 

NSD-53 

NS-54 

NSD-55 

NSD-56 

NSD-57 

NZD-58 

NS-59 
NSD-60 

d 

NSD-61 

NSS-62 

NSD-63 

NSD-64 

NS-65 

NSD-66 

NSD-73 

NSD-74 

NS-75 
* NSD-76 

NSD-77 

NSD-78 

NS-79 
NSD-80 

N S D - ~ ~  

NS-82 

NS-83 
NS-84 

NS-85 

NS-86 

NSD-87 

NSD-89 

NZS-90 

NSD-91 

SR-Cf-167 f 

7-14-71 

7- 14- 71 
7-14-71 

8-23-71 

11-02-71 

9-02-71 

10-25-71 

1-19-73 

4-19-72 

4-19-72 

4-14-72 

5-15-72 

7-13-72 
4-11-72 

1-19-73 

3-27-73 
4-21-72 

7-19-73 

7-09-73 
a 0 2 - 7 3  

9-11-73 

9-11-73 
10-01-73 

3-09-74 

3-09-74 

3-09-74 
10-02-74 

6-03-74 

6-03-74 

5-19-75 

9-24-75 

9-30-75 
10-22-75 

11-17-75 

10-15-75 

4-23-75 
1- 16- 7 5 
9-26-75 

5-26-71 

200 

194 
199 
138 

365 
280 

1051 

3187 
4 

124 

973 
11003 

53 
20 

5225 

3755 

847 

193 
1 1 4  

3449 

13545 
4416 

1919 

434 

433 

429 

1650 
5966 
6364 

14264 

11783 
12634 

12181 

2620 

22387 
12687 

0.87 

1 5  
3975 

54 

53 

54 

39 
108 

79 

308 

129 3 
1 

4 1  
323 

3733 

19 
7 

2120 

1598 
282 

89 
52 

1609 

6503 
2120 

935 

237 

236 

234 

1045 

3464 

3695 
10645 

9639 

10167 

2228 

18592 

10413 

9293 
<1 

12 

1046 

139 

135 

138 

95 

245 

192 

708 

1806 

b 

79 
620 

6933 
b 

b 

2961 

2057 

5 38 

99 

59 
1755 

6715 
2189 

939 
188 
188 
186 

577 
2386 

2545 
3451 
2044 

2156 

374 

3619 

3236 

1921 

b 

b 

2794 

P. L .  Johnson 

A. C.  England 

L .  J.  Esch 

S. G.  Carpenter 
F. J .  Muckenthsler 

E .  D .  Clayton 

L .  J .  Esch 

V .  Spiegel  

L .  J .  Esch 

M .  M. Bretscher  

C 

F. B. Simpson 

C. E. Hanson 
F. F. Haywood 

L. J. Esch 

J. E. Bigelow 

H .  0. Menlove 

H .  0. Menlove 

L. Green 

J .  E. Powell 

G .  I .  Cleason 

G. I .  Cleason 

R .  J .  Kloepping 

P. L.  Johnson 

P. L .  Johnson 
P. L. Johnson 

V. Spiegel  

C.  J .  Emert 
C. J .  Emert 

e 

e 

e 

e 

V. Spiegel  

C. I .  Gleason 

J .  E.  Powell 

J. R .  Smith 

L. J .  Esch 

J. E.  Rushton 

Mound 

ORNL 

KAPL 
ANL-NRTS 

ORNL 

PNL 

KAPL 

NBS 

KAPL 
ANL 

ANC 

LASL 
ORNL-DOSAR 

KbPL 
ORNL-mu 

LASL 

LASL 
BAPL 

Sandia-NM 
ORAU 

ORAU 

LLL 

Mound 

Mound 

Mound 

NES 

BAPL 
BAPL 

NBS 

ORAU 

Sandi a-NM 

ANC 

KAPL 
ORNL 

-~~~ ~ 

%his source i s  encapsulated i n  aluminum. 

bThis source i s  not s u i t a b l e  for recovery of 248Cm. 
‘This source i s  he ld  a t  ORNL and i s  a v a i l a b l e  f o r  re i ssue .  

%is source i s  encapsulated i n  Type 405 s t a i n l e s s  s t e e l .  

eThis source being he ld  f o r  use at  BAPL. 

fThis source was f a b r i c a t e d  a t  TRU i n  s tandard Savannah River SR-Cf-100 s e r i e s  hardware. 
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reprocessing to recover the ingrown 248Cm. 

32 to 570 pg of 252Cf are now in this category and are so designated in 

Table 4 .l. 

Six sources that contain from 

5. SPECIAL PROJECTS 

The primary functions of TRU are: (1) to fabricate targets for ir- 

radiation in the HFIR to produce transuranium elements, and (2) to isolate 

and purify transuranium elements for use by research workers. 

the facilities that are available 

purposes such as nonroutine production, special preparations, and special 

irradiations in HFIR; in each case, a unique service can be provided to 

assist a research program at ORNL or another site. 

projects were undertaken during the current report period. 

However, 

are also used for a variety of other 5 

The following special 

5.1 Production of 250Cm 

Preparations for a study of the production of 250Cm by irradiation 

of 248Cm were described in the previous report in this series.' 

special HFIR targets, each containing one o r  two 248Cm pellets located 
within the targets at positions corresponding to a specific flux region 

within the reactor, were fabricated and scheduled for irradiation for 

varying lengths of time. 

have now been completed. 

Four 

Irradiation and processing of two of the targets 

The results are summarized in Table 5.1. 

The 250Cm content of these pellets is so low that it cannot be 

measured with high precision. 

capture cross section is in the range of 10 to 22b, nearly an order of 

magnitude higher than previously supposed. This information, in conjunc- 

tion with data obtained previously2 for long exposures, leads to the 

conclusion that the burnout cross section of the 250Cm is about 90 to 

180 b, much higher than previously supposed. 

However, the results imply that the 249C~ 

Another possible method for producing 250Cm is by the alpha-branching 

decay of 254Cf (0.31%). 

about 2.5 mg of 248Cm from the 252Cf product of Campaign 49. 

To investigate this possibility, we recovered 

The decay 
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Table 5.1. Summary of data obtained from the irradiation 
of 248Cm pellets to produce 250Cm 

Pe 11 et number P1 P2 

Cycles of 
irradiation 1 1 

15 1.5 x 10 15 Neutron flux 3 x 10 

Isotopic analysis of curium products, at. % 
244~m 1.416 1.263 

245cm 0.020 0.018 

246cm 3.44 3.29 

24 7 ~ m  0.082 0.064 

248cm 95.04 95.37 

250cm 0.0007 0.0003 

P3 

2 

2.14 

0.028 

4.14 

0.119 

93.57 

0.0015 

P4 

2 
15 1.5 x 10 

0.847 

0.013 

3.19 

0.078 

95.87 

0.0005 

history of this material was well-known. 

for the composition of the initial californium and the known decay pro- 

perties of the californium isotopes, it was calculated that the recovered 

curium would contain 12.9 ppm of 250Cm. The sample was carefully purified 

from californium (to avoid interference by *"Cf) and analyzed on the mass 

spectrometer. 

excellent confirmation of the instrumentally derived branching ratio. 

Calculations to optimize this technique suggest that a curium product 

containing 0.5 mg of 248Cm with 25 ppm of 250Cm might be obtained by ir- 

radiating 100 mg of 252Cf followed by short-cooled processing of the 

target (s) . 

Using the mass-spectrometer data 

The results showed a 250Cm content of 14 ppm, which was 

5.2 Production of *'OCf 

Argonne National Laboratory (ANL) requested that 0.5 mg of "OCf be 

produced from a portion of their share of the 249Bk from Campaign 50. 
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The calculated amount of 249Bk required for irradiation was 3.0 mg (about 

53% of ANL's share). The 249Bk was purified to remove the 249Cf daughter 

and miscellaneous cationic impurities; nine aluminum pellets, each contain- 

ing 0 . 3 3  mg of 249Bk, were then prepared by means of the resin loading-- 

magnesium-diluent technique.' Three H F I R  rabbits , each containing three 
pellets, were fabricated and transferred to the HFIR for a planned 16-hr 

After an irradiation at a thermal flux of 3 x lo1' neutrons-cm - 2  .sec -1 . 
irradiation period of 9.5 hr, a leak was detected from one of the rabbits, 

and it was discharged. Irradiation of the other two rabbits was completed 

as planned, and all three were transferred to TRU for chemical processing. 

Approximately 0.54 mg of 250Cf and 2.3 mg of residual 249Bk were obtained. 

Isotopic composition of the 250Cf product is shown in Table 5.2. 

Table 5.2. Composition of 250Cf product 

Batch identification code 

Date of analysis 

Nuclide 

249cf 

4H40-Cf-prod. 

April 22, 1976 

Isotopic composition 
(at. %) 

6.68 

87.18 

5.57 

0.566 

<o .002 

<o .002 
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5.3 Production of 254Cf 

Californium-254 was produced experimentally by the electron-capture 

decay (0.078% branching) of 39-hr 

rabbit containing approximately 5 pg of 253Es was fabricated, irradiated 

for 32 hr at a flux of 3 x lo1’ neutron-cm Osec , cooled for 2 hr, and 
then chemically processed at TRU to isolate the irradiated einsteinium 
(253-254mEs) from other actinide, fission product, and activation product 

elements. 

transferred to a glove box and processed at a micro level by means of ion 

exchange runs to separate the californium daughters. One run was made as 

soon as possible after isolating the einsteinium, and a second run was 

made after a 5-day interval. 

products recovered in the glove box are listed in Table 5.3. 

tions are similar to that predicted by calculation except that there was 

somewhat more 252Cf than expected. 

for this purpose in order to minimize contamination by 252Cf, which is 

omnipresent in our cells. During the processing, we discovered that a 

rather high-gamma background was associated with the 2s4mEs content of 

this sample, and the radiation levels were about twice what we would 

normally accept for routine handling. 

in this manner and processed in the shielded cave and glove-box facilities 

at TRU should be limited to about 50 pg. 

required for handling larger amounts of 254Cf. 

much as 5 ng could be produced by irradiation of 253Es fabricated into 

HFIR targets which would be processed in the main cell bank at TRU. 

ever, processing in the main cell bank would increase the possibility 

of 252Cf contamination of the product. 

. For this experiment, a MFIR 254mEs 

-2 -1 

The isolated einsteinium, containing 2.75 pg of 253Es, was 

The isotopic compositions of the californium 

These composi- 

The glove-box facility had been chosen 

Thus, the amount of 254Cf produced 

Additional shielding would be 

It is estimated that as 

How- 

5.4 Separation of Rare-Earth Elements from Anion Exchange Raffinate 

A portion of the LiC1-based anion exchange raffinate (10 M - LiC1) ob- 
tained during Campaign 50 was processed to determine the steps that would 

be required to obtain the rare-earth fission products in a purified solid 

form. The solution was processed by means of a Tramex batch solvent 



15 

Table 5.3. Isotopic composition of californium separated 
from irradiated 253Es 

First separation Second separation 
(at. %) (at. %) 

a 56.0 

83.33 

8.38 

2 . 2 5  
50.05 b 

0.032' 

Total 254Cf recovered 113 Pg 

a 

88.60 

3.95 

1.03 

56 .4  

b 50.45 

0.054' 

79 Pg 

Determination is difficult due to residue of 249Bk. a 

bDetermination is difficult due to residue of 253Es. 
C These values were derived from the results of neutron counting, alpha 
counting, and mass spectrographic analyses. 

extraction t o  remove LiCl and two cycles of oxalate precipitation to remove 

aluminum and other miscellaneous impurities. 

then calcined to convert the rare earths to the oxide form. An aliquot of 

the oxide product was dissolved in nitric acid and processed by means of a 

Berkex batch solvent-extraction run in glass equipment to separate cerium 

from the other rare earths. No significant difficulties were encountered 
during any of the processing steps. 

The oxalate precipitate was 
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7. APPENDIX 

W e  have t r a d i t i o n a l l y  used the  Appendix i n  t h i s  series of semiannual 

r epor t s  t o  t a b u l a t e  decay da ta  and cross-sect ion d a t a  of i n t e r e s t  t o  the  

transplutonium community. I n  the  f i r s t  f e w  i s s u e s ,  rap id  changes occurred 

as a r e s u l t  of t he  pub l i ca t ion  of much new da ta .  

personal  con tac t s  wi th  some of t h e  i n v e s t i g a t o r s ,  w e  were a b l e  t o  incor- 

po ra t e  new d a t a  i n  our t a b l e s  even before  formal publ ica t ion .  

r ecen t  i s s u e s ,  t h e  p r e s s  of o ther  work has  prevented us  from rev i s ing  the  
t ab le s ;  as a r e s u l t ,  they are no longer  cu r ren t .  I n  the  meantime, t h e  
Nuclear Data P r o j e c t  a t  ORNL has i ssued  rev ised  and updated Nuclear Data 

Sheets  which cover the  mass region of i n t e r e s t  (A>237), and which are 
considered the  d e f i n i t i v e  source of a l l  types of nuclear  d a t a  r e l a t i n g  t o  
decay modes, h a l f - l i v e s ,  e t c .  However, because these  Appendix t a b l e s  have 

proven t o  be a convenient re ference  t o  us a t  TRU, w e  w i l l  cont inue t o  
publ i sh  them wi th  each i s s u e .  It  is  our  expec ta t ion  t h a t , a s  time permi ts ,  

w e  w i l l  b r i n g  the  decay da ta  i n  these  t a b l e s  i n  l i n e  with the  la tes t  rev i -  

s i o n s  of t he  Nuclear Data Sheets. 

Sometimes, by v i r t u e  of 

I n  more 

7-13 

7 . 1  Decay Data 

Table A-1 is a list of a l l  nuc l ides  of in te res t  t o  the  Transplutonium 

Element Production Program ( i . e . ,  a l l  t h a t  can be produced by neutron bom- 
bardment of 238U). 

r a t i o s  o r  p a r t i a l  decay ha l f - l i ves ,  a long wi th  l i t e r a t u r e  r e fe rences  where 
a v a i l a b l e .  
r e l a t i n g  t h a t  i so tope ' s  h a l f - l i f e  t o  the  h a l f - l i f e  of some o the r  r e fe rence  
i so tope .  I n  a few of t hese  cases ,  a newer value has been accepted f o r  t he  
h a l f - l i f e  of t he  re ference  i so tope ,  and the  va lues  of t h e  ha l f - l i ves  t h a t  
were dependent upon i t  have been r eca l cu la t ed .  Such cases  are footnoted 
because the  h a l f - l i f e  value i n  our t a b l e  no longer  agrees  wi th  the  va lue  

given i n  the  r e fe rence .  
referenced work. 

The l is t  inc ludes  va lues  f o r  habf- l ives  and branching 

I n  many cases ,  t he  h a l f - l i f e  of an i so tope  was determined by 

However, we d id  use the  r e l a t i o n s h i p  given i n  t h e  



Table A-1.  Half-life valuesa for isotopes of transuranium elements 

P a r t i a l  H a l f - L i f e  P a r t i a l  H a l f - L i f e  N e u t r o n s  b f e r e n c e r b  
f o r  a Decay B r a n c h i n g  Ratios f o r  Spontaneous F i s s i o n  per F i s s i o n  N u c l i d e  T o t a l  Half-Life 

NP 
2 37 

238Np 

239Np 

P 2 4 0 ~  

240.Np 

241Np 
2 4 h N p  

238Pu 

239Pu 

240P" 

241Pu 

242Pu 

243Pu 

244Pu 

245Pu 

246Pu 

2 4 1 h  

24Zm 

242rnh 

2 4 3 h  

2 4 4 h  

2 4 4 ~ ~  

2 4 5 ~  

2 4 6 ~  

2 4 - h  

2 4 7 ~  

2 4 2 ~ ~  

243- 

244- 

245- 

24% 

247c. 

24%8 

249c8 
250- 

2 .10  ! 0.01 d 
2 .359  ! 0.010 d 

b 3 ! . ? 8  

7 . 3  ! 0.3 rn 
16 

3 . 4  h 

87.404 f 0 . 0 4 1  y 

1 4 . 9 8  ! 0.33 y 

4 . 9 5 5  ! 0.003 h 

1 0 . 6  0 . 4  h 

10.85 0 . 0 2  d 

1 6 . 0 1  ! 0 . 0 2  h 

144 ! 7 y 

1 0 . 1  ! 0.1 h 

26 8 

2 . 0 7  ! 0.02 h 

25.0 ! 0 . 2  8 

4 0 :  7 8  

2 4 :  3 8  

1 6 2 . 7  t 0 . 1  d 

(2.14 : 0 . 0 1 )  x lo6 y 

(2 .4413 0 .003)  x IO4 Y 
6580 f 40  y 
( 5 . 7 2  ! 0 . 1 )  105 Y 
(3 .869  ! 0 . 0 1 6 )  x lo5 Y 

( 8 . 2 8  r 0 . 1 0 )  io7 

432.7  ! 0 . 7  y 

( 2 . 9 2  t 0.15) 104 

7370 ! 40 y 

32 Y 
18.099 t 0 . 0 1 5  y 

8265 r 180 y 

4655 ! 40 y 

(3 .703  ? 0.032)  x IOs y 

(1 .56  : 0.05) 1 0 ~ ~  

6 4 :  3 8  

EC/@ - 0 . 1 9  

,1018  y 

( 5  ! 0 . 6 )  x 1O1O y 
5 . 5  1015 

( 1 . 3 4 0  ! 0 . 0 1 5 )  x 1011 Y 

( 7 . 4 5  ! 0 . 1 7 )  x 10" y 

( 6 . 5 5  0 . 3 2 )  x 10" y 

7.2  x IO6 y 

a / ~ ~  = ( 7 . 4 3  ! 0 . 0 1 )  x 105 

a/SF - 3822 10  

( 4 . 1 1 s  ? o . o W )  x 10' y 

( 1 . 7 4  ! 0 . 2 4 )  x lo4 y 

2.00d 

2 . 3 3  ! 0 .08  

2 .  24d 

2 .177  0.009 

2.166 ! 0.009 

2 .  81d 

2 .  4Bd 

2.65  ! 0.09 

2-84  f 0 . 0 9  

3 .08d  

3 .32d  

3 .  56d 

60Br12.  6 1 0 r 0 4  

5OFf53 

SpC093 

60Le03 
4 W 6 1  

60LeO3 
60Le03 

610rO4.  6 g l o l S .  56HiOl 

52Se67.  5911.26 

5 l l n O 3 .  62Wa13. 68BoS4 

68Ca19.  60Br15  

691a50.  69Be06. hBBoS4 

6 8 0 i 0 9  

6 6 F i 0 7 .  69Be06 

56Bu92 

56Ho23 

6 1 0 r 0 4 ,  6 m e o i  

S3Ke38 

59B8.21' 

6 8 8 r 2 2  

62Va08 

54Ga24 

56Bu92 

55En16 

6 m r o 2  

670rO2 

S l H . 8 7 .  57PeS2.  56HiOl 

57As70 

6 W e 0 2 ,  68Be26. 56HlO1 

69YeO 1 

6oWCOl. 7 1 R 1 9  

71FiOl  

71Mc19 

58E.06 

-01 



Table  A-1. (continued) 

P a r t i a l  H a l f - L i f e  P a r t i a l  H a l f - L i f e  N e u t r o n s  
N u c l i d e  T o t a l  H a l f - L i f e  for n Decay Branch ing  R a t i o s  f o r  S p o n t a n e o u s  F i s s i o n  per F i s s i o n  R e f e r e n c e s b  

314 : 8 d 

3.222 r 0.005 h 

57 r 1 . 7  m 

2 .646  f 0 .004  y 

17 .812  0.082 d 

60.5 r 0 .2  d 

1 . 5  0 .5  h 

2 0 . 4 6 7  0.014 d  

276 d  

39.3 r 0 . 2  h 

39.8  ? 1.2  d  

2 5 ? 3 m  

3 . 2 4  : 0.01 h 

20 .07  r 0.07 h  

2 .62  ? 0.03 h 
94 10  d  

380 60 us  

352 t 6 y 

13 .08  ! 0 . 0 9  y 

900 r 50 y 

o/E = ( 1 . 4 5  : 0.08)  x 10-5 ( 1 . 8 7  t 0 . 0 9 1  x l o 9  .y 

n/SF = ( 1 . 9 9 2  

n/SF = 1260 f 40 

0 . 0 4 0 )  x lo8 

n/SF - 31.3 0 . 2  

n/E - (3.1 ! 0 . 4 )  X 

n/SF = ( 3 . 1 0  r 0 . 1 6 )  X 10.’ 

a /SF = ( 1 . 1 5  0.03) x lo7  
. z . s  107 

B/n r 382 ! 30 
E.C./B = 0.00078 0 . 0 0 0 0 6  

n/E = 0 .0866  ? 0 .0043  

E 
E E/SF = ( 2 . 2 2  z 0 . 1 0 )  a lo4 

n/SF = 1695 8 

SF/n = (2 .4  1 . 1 )  x 

%loot SF 

%loo% SF 

3 . 7 2  r 0 . 1 6  

3 .44d  

3 .56d  

3 . 7 9 6  0 .031  

3 . 9 0  Z 0 . 1 4  

4 .16d  

4.05 0.19 
4 .  16d 

4.27d 

57EaOl. 69Mi08. 64Py02 

59Va02 

66RGO4 

69He01. 69Mi08 

63PhOl.  69Me01 

69Me01 

6 W e 0 2 ,  6Byh04 

6 9 0 ~ 0 2 .  66RG01 

63PhO1, 64Py02.  68Be21 

70L019 

6SHeO2, 69DrO2 

6 7 F i 0 3 ,  67Un01 

62Un01, 65Ph01 

66RG01. 6 7 F i 0 3  

6 8 L o l l  

Sbl009.  6 7 F i 0 3 .  S K h 8 3  

63Ph01, 64As01 

68Ho 1 3 

66ffio1 

7lHuOS 

%he h a l f - l i f e  v a l u e s  u s e d  i n  t h i s  t a b l e  were b e i n g  u s e d  a t  TRU a t  t h e  end of t h e  r e p o r t  p e r i o d .  

b R e f e r e n c e s  a r e  decoded i n  T a b l e  A-2. 

'Published v a l u e s  a r e  a d j u s t e d  f o r  241Am h a l f - l l f e  Of 4 3 2 . 7  y .  

% s l u e  e s t i m a t e d  by l i n e a r  i n t e r p o l a t i o n  of  t h e  v a l u e s  f o r  244Cm and 252Cf ,  b a s e d  on n u c l i d i c  mass. 
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The r e fe rences  used i n  Table A-1 are decoded i n  Table A-2. The system 
of r e fe rences  is t h a t  used i n  the  Nuclear Data Sheets.  Table A-3 l ists  

derived d a t a ,  such as s p e c i f i c  ac t iv i t ies ,  along with information concerning 
the  hazard a s soc ia t ed  wi th  handling these  nuc l ides .  

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 ransmutat ions i n  

HFIR 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 six param- 

eters desc r ib ing  the  neutron i n t e r a c t i o n s .  The f i r s t  is t h e  thermal-neutron 
C capture  c r o s s  s e c t i o n ,  a2200, and the  t h i r d  is t h e  neutron cap tu re  resonance 

i n t e g r a l ,  RI. The second parameter, C ,  is a constant  t h a t  is a func t ion  of 

t h e  t a r g e t  geometry; i t  is used t o  estimate t h e  resonance s e l f - s h i e l d i n g  e f -  
fect .  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 ,  ac would be : e f f '  

where N is t h e  number of grams of the p a r t i c u l a r  nuc l ide  i n  one t a r g e t  rod, 

'res 

'2200 
r e a c t i o n  rate 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 .  I n  t h e  
HFIR, t h e  r a t i o  $res/'2200 ranges f r o m  0.042 to 0.051. The effective 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  l as t  

t h r e e  parameters. 

is t he  average f l u x  pe r  u n i t  l e t h a r g y  width i n  t h e  resonance region,  and 

is t h e  equ iva len t  f l u x  of 2200-m/sec neutrons t h a t  would g ive  t h e  same 

These c r o s s  s e c t i o n s  are t o  be  regarded as a s e l f - c o n s i s t e n t  set where- 

by one can compute o v e r a l l  t ransmutat ion e f f e c t s  
cons t an 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  da t a .  Hopefully, t h e s e  
numbers and t h e  c r o s s  s e c t i o n s  experimentally measured on pure i s o t o p e s  

w i l l  agree;  however, w e  w i l l  not  allow the  p o s s i b i l i t y  of a discrepancy t o  

confine us. 

and as a se t  of a r b i t r a r y  

It should be  pointed o u t  t h a t  244cAm is a f i c t i t i o u s  i s o t o p e  which is 

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 involving 
244A, . The p r o p e r t i e s  of 244cAm were c a l c u l a t e d  'from t h e  p r o p e r t i e s  of t h e  



Table A-2. References for Table  A-1 

code Rcfrrencc Code Reference 

4WybI 

5OFrS3 

51H.87 

511nOJ 

52Scb7 

53liC38 

54l3124 

55tn 16 

S6Bu92 

5bCh83 

5bHi01 

56Ho23 

5a)009 

57As70 

57taUl 

57PeS2 

58ta06 

598.21 

59c093 

5SU.26 

59V.02 

608r12 

608r15 

60Lc03 

6LDrO4 

b2UnOl 

62Va08 

62Wal3 

t .  L. Hydc. M .  H .  b tud ie r .  md m .  M. Mrnninp, 
AhL-JI43 IApriI 1 5 .  19481 and AAL-418.' 
\August 4 ,  19481 

U. S .  Freedman, A .  II Ja f f ey .  and F .  magner. 
J r . ,  Phys. Rev.. 2. 410-411 119501. 

6. C .  Hmna, 8 .  ti. l l s r v e ) ,  h .  MOSS. and P. R 
Tunn ic l i f f e ,  Phys. R e v . ,  E, 466-467 (19511.  

M.  G. Inghram, D C. Ilesr. P R .  Fields. and 
G .  L .  P y l r ,  Ph)s. R e v . .  e, 125U l lY511.  

L .  SegrC. Ph,s. R e v . .  86. 21.28 l l Y 5 2 1 .  

1. K .  Kccnan. R .  A .  P c n n e m ~ ,  and B. 8. 
Wclnteer. J .  Chem. Yhys., 2. 1802-1803 
(1953).  

A. Chiorso,  5 .  G .  Thompson. ti R Choppin, and 
8. G .  Harvey. Phyr. R e v . ,  'Js, lU8l (19541. 

0. tngelhemeir, P. R .  Fie lds ,  1. Fr ied ,  C .  L .  
Pyle ,  C .  M. Stevens, L .  8 .  Asprry, C. I .  B r a n c .  
H. L w r s e  Smith, and R .  h .  Spcnre. J .  lnorp.  w.. i. 345-351 119551. - 
J .  P. 8ut ler .  1. A .  tartwood, 1. L .  Coll~nr. 
)I. t. Jones. F. U. Rourke, and R .  P. Schunan. 
Phyr. Rev..  10J. 634 (19561. 

G. R. Choppin, 8 .  C. Harvey. D .  A .  H l c L r .  
J .  1 s t .  J r . .  and R .  V .  Pyle ,  Phys. R e v . .  E. 
766 (1956).  

D.  A .  H i c k s .  J .  Isc. J r . .  and R .  1 .  Pyle, &. - Rev. .  E, 1016-1020 119561. 

0. c .  Hoffman and C. 1 .  Urwne. J .  Inorp. hucl .  e., 2, 209 119561. 

M. Jones.  R .  P. 5chw.n. J .  P. But l e r ,  
G .  C a p c r .  T. A .  Lastrood, and H. C .  Jackson,  
Phys. R e v . .  E, 203-207 (1956).  

F. Asaro. 5. G .  Thompson. F. S .  Stephens,  J r . ,  
and I .  Perlman. k l l .  Am. Phys. b c . .  a, 
393 119571 

1. A .  tastwood. J .  P. Bul ler .  M. J .  Cabel l .  
H. C .  Jackson. R. P. S c h u u n .  F .  M.  Rourke. 
and T. L .  Co l l in s .  Phys. R e v . .  E, lb3S-1638 
(19571. 

R .  A .  Pcnneman. L .  H .  Trcinsn. and 8. Bevan, 
as reported by 0 .  C .  Hoffman, G. P Ford, 
and F. 0.  Lawrence, J .  lnorg. huc l .  Chcm., 1. 
6-11  (19571. 

T .  A .  t s r t r o a d  and R .  P. Schwan. J-. 
h u c l .  Chem., b. 261-262 (19581. 

R .  F. Barnes. 0. J .  Henderson. A L .  Harkness, 
and H .  Diamond. J .  lnorp.  h u c l .  Chem.. 9,  105-107 
119591. 

D .  Cohen. J .  C Sullivan. and A .  J .  Zlclen. 
J .  Inorg. h w l .  Chem.. E. 159- lb l  119591. 

T. L .  Markin, J .  Inarg. h u c l .  Chem.. 9 .  
320-322 (1959). 

S .  t .  Vmdenbosch. H. D i u o n d .  R L.  SJoblW.  
and P. R .  Fie lds .  Phys. Rev.. E. 115-121 
119591. 

F .  P. Brruer, R .  h .  S t r a u c t ,  J .  D .  Ludwick. 
F. P. Roberts.  and W .  L. Lyon. J .  Inorp. Nucl 
Chcm.. E, 234-235 1196UJ. 

F .  Brown. G .  C .  George. D .  L .  Green, and 
D. t. Y a t t .  J.  Inorp. Nucl. Chem.. I-1. 192 
I95 (19601. 

- 

R .  M.  Less l e r  and H. C .  Michel. Phyr. R e v . ,  
118. 263-264 119601. - 
U .  A .  Druin. ' r .  P. Perelygin.  and C .  I .  
Khlebnikov. Sov. Phyr. JETP. fi, 913-914 119611. 

J .  Unik. P. Day. and 5 .  Vmdenbosch. huc l .  Phyr.. 
36.  284-304 (19621. - 
S .  t. Vandcnboach and P. Day. h u c l  Phys. .  E. 
177-19U (19621. 

0 .  E .  Watt. F. J .  Bannister, . I .  8 .  l a i d l e r .  
and F. Brown. Phys. Rev.,  E, 264.265 119621 

6YlaSU 

b3PhOl 

6 4 4 ~ 0 1  

64PyOL 

b5Clc02 

bbF107 

66RC01 

bbRG04 

6 7 F ~ 0 3  

b70e01 

b70r0.' 

b7Un01 

6 8 8 ~ 2 1  

bake26 

686054 

b88r2Z 

68Ca19 

b8Di09 

b8Hol3 

b U o l 5  

681011 

b8hhO4 

b98e06 

bYDr02 

b9Me01 

b9MtU8 

701 019 

7 1 F ~ 0 1  

7 IH"O3 

71Mc.39 

L .  2 .  Malkrn. I U .  Alkhazov, A .  S Kri rokha t sk i i .  
and K .  A .  Pctrzhak,  a t .  Encrp. (Ussar. 15, 158-159 
119631. 

L. Phi l l i p* ,  R. G a t t r ,  R .  Brandt.  and S .  6 .  
Thompson. J .  Inarp. hucl .  Chem., - 25. 1085-1087 
119631 

F. Assro. S .  8Jrnholm. and I .  Perlnan. w. E., 
133,  8291-8300 (19641. - 
R .  L .  Pylc,  Unpublished results ax reported i n  
t .  K .  Hyde. "Fission Phenaena." P ren t i ce  Hall .  Inc 
(19641. 

0. H e t t a ,  t i .  Diamond. R .  F. Barnes. J MIIsIed. 
J .  Gray, J r . ,  D .  J .  Henderson. and C. M .  Stevens, 
J .  Inorp. Nucl. Chcn.. 7, 3 3 - 3 5  (19651. 

P. R .  Fie lds .  A .  M .  Frerdman. J .  Mils ted.  J .  Lemer, 
C. M. Stevens.  D. Metra .  and W .  K .  Sabinc. N-, 
- 112. 131 119661. 

CwbLned Radmchsa ts t ry  Group, L R L .  LASL, and ANL. 
Phys. R e v . .  148. K O .  3 .  1192-1198 (1966).  

Arponne Heavy Llement Group lunpublished d a t a )  

P. R .  Fie lds .  H. Diuond.  A .  M. Friedman. J. Uilsted. 
J .  L .  Lemer, R .  F. Bsmes. R .  K .  S j o b l m ,  0. N .  Mct ta ,  
and E .  P. H O - Y I ~ Z .  S K I .  Phys . ,  A%* 440-448 (1967). 

F. 1. Oetttng and 5. R .  Gum, J .  lnorp. Nucl. Chem. 2, 
2659-2664 (1967).  

C .  J .  Or th ,  Y .  R .  Daniels, 8.  H. Erkkils. F. 0. 
Laurence, and D .  C .  Hoffman, Phyr. Rev. Letters. E. 
So. 3 .  128-131 (19671. 

J .  Unik, p r l v a t e  c o m n i c a t i o n  t o  P. F ie lds  (19671. 

L .  E .  BULS, J r .  and J .  Hslper in .  Nucl. Phys.. 1121. 
433-439 119681 

h .  C Bentley. J .  Inorp.  tiucl.  Chen., 30. 2007-2009 
(19681. 

J 

L .  C .  Brom and R .  C. Proprt .  J .  Inorg.  N u l .  Chcm. E. 
2591-2594 119681. 

bl.  J .  Cabe l l ,  J .  Inorg.  hucl.  Chem.. 30, 2583-2589 
119681. 

- 

1. Boldeman. J .  NucI. Energy, 22. 63-72 (1968). 

H. Diamond, J .  J .  Hlnes. R K .  S l o b l a .  R .  F .  Barnes, 
D .  h .  # e f t s .  J .  L .  Lcmer. and P. R .  Fie lds ,  J.. 
Nucl. Ch-.. 30. 2553-2559 (1968).  

R .  Y .  Hoff, J .  t .  Evans. k. K .  thilct, R .  J .  h p r y k ,  
and 8 .  J .  Qualhclm, Nurl. Phyr , E. 225.233 
119681. 

L .  L .  Jordan. MM-1443. 11-30 (1968).  

R .  Y .  Loupheed. p r i v a t e  c-unication t o  J .  E. Bfgclo l  
119681. 

P. H. h h i t e  and E .  J .  Axtan. J .  Nucl. Enerpr, 22. 73-77 
~ 1 9 6 8 1 .  

C .  t .  Bemlr, J r . ,  J .  t la lper in ,  and R .  Eby. J .  Inorp.  Nucl. 
C%. , 5. 599-bo4 119691. 

R .  E Dmshel ,  J .  t la lper in .  and C. E. Bnis. J r . ,  
OWL-4437, 28-29 (19691. 

D .  h .  Met fa .  11. DLmond. and F. R .  Kelly. J .  Inorp. Nucl. =., 2, 1245-1250 11969). 

J .  Mi l r t ed ,  t 
J .  Inorg.  Nucl. Chem., - 31. 1561-1569 (1969).  

P. Horuitr. A .  M.  Friedman. and 0. N .  Met ta ,  

R .  Y .  Lougheed, J .  E .  E v a n s .  and E .  K. mlet, p r i v a t e  
colaaunication to J .  L .  Bi le lo r  (1910).  

P. R .  Fie lds .  I .  Ahmad. A .  M. Friedman, J .  Lemer. and 
D .  H .  Metta ,  Nucl. Phys.. E, 460-470 (1971). 

t.. K. Hulel, J .  F. Wild. R .  Y .  Loupheed, J .  E. Evans. 
8 .  J .  Qualhem. M .  Nunla .  and A .  Ghlorso, Phyr. Rev. 
Let t e r s .  ?6 ,  523 11911l. 

J .  t .  McCrackcn. J .  R .  Stokcly.  R .  D. Baybrrz. C .  E .  E m i r ,  
J r . .  and R .  tby.  J .  lnorg.  H u c ~ .  Cher.. Js. 3251-3259 
119711. 



a Table A-3.  Properties of transuranium nuclides 

H.r.rdb 
Specific Activity 

W V )  [Neutrons ' ! !  
Energies of 

Prin. hissions W y  Burdm 

Nuclrde Half-life (C1/1) ( W l )  [m cp/mg') (8 d p l q )  . in-1 31-1) (uci/c3) ( ~ c I )  ( u g )  

2.14 a IOb y 

2.10 d 

2.359 d 

63 m 

7.3 m 

16 m 

3 . 4  h 

87.404 y 
2.4413 1 I O 4  y 

6580 y 
14.98 y 

3.869 I 10' y 
4.955 h 

8.28 I lo7 
10.6 h 

10.85 d 

432.7 y 
16.01 h 

144 y 
7370 y 
10.1  h 

26 D 
2.07 h 

25.0 8 

40 8 

2 4  8 

162.7 d 

32 Y 
18.099 y 
8265 y 

4655 y 
1.56 1 lo7 y 

3.397 x 105 y 
64 
1.74 I I O 4  y 

4.78 

5.49 

5.15 

5. lb 

4.9 
4.90 

4.587 

5 . 4 8  

5.207 
5.27 

6 . 1 1  

5.79 
5.81 
5.36 

5.39 
4.87 
5 .05  

0.25 
1.24 

0.332 
0.427 
0.89 
2.18 
1.6 

0 .02  

0.49 
0 . 5 8  

0 .  I5 

0.63 
0.67 
I.T. 

0.387 

1 . 5  

0.91 

1 . J I  

0.9 

7.07  IO-^ 

2.32 105 

1.24 107 

2.61 I IOs 

1.07 x 10' 

4.86 x IO7 

3.82 x 106 

17.2 
6.13 x IO-' 

0.227 

99.1 
3.82 1 0 - 3  

2.w I I06 

1.77 , 1 0 - 5  

1.21 I 106 
4.91 lo4 

3 . 4 3  

8 . 1 1  a lo5 

10.3 

0.200 
1.27 I 10' 

6.17 I 10' 

2.96 107 

3.06 I io7 
1.91 lo7 
3.17 I IO7 

3.32 a IO3 

45.9 
80.94 
0. I77 

0.312 
9.2a I 

1.18 lo7 
4.24 a 

8.20 a 

2.07 x IO-' 
1.27 I IO3 

5.86 a IO2 

1.U3 I IO5 

5.33 a ios 

0.570 
1.913 I IO-' 

7.097 I lo-' 
4.06 IO-) 

1.13 a 

3.34 I 103 

4.93 x 10-7 

66.9 

0.1145 
2.08 a lo3 

3 .08  a 10.' 
6.42  IO-^ 
8.74 103 
0.98 I 104 

1.20 lo4 
2.48 a 105 

122 

1.677 
2.832 

1 . 0 1  a IO-' 
2.94 I 

5.89 I IO-' 

5.34 

2.06 lo4 
a. I 

8.01 x IO5 

1.94 x IOio 
6.94 x IO7 

2.57 I IO8 
2.94 I 10' 

4.32 a IO6 

2.00 I lo4 

5.88  io9 

5 .53  107 

2.26 a 10' 
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5.20 I 1o1O 
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5.80 

5.14 1 0 1 ~  
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6.58 I 

1.37 I IO1' 
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3.27 x 10' 

2.62 I 10'' 

<7 I lo-6 4 x lo-12 0.06 

7 a 30 

2 x 0.04 155 
1.35 1 10-3 2 I 0.04 

53.7 2 x 0.04 
9 x 10.11 0.9 

2 I 10-12 0.05 95.J 
2 I 7.0 

141 2 I 0.04 

2 3.0 

3.55 a 6 I 0 . 1  

4 I 10.' 0.06 

6 I 0.07 
6 I 0.05 

4 I 10-6 0.2 

1 . 2 1  I I06 I I 0 . 0 5  

6 I 0.09 

5 I IO-L2 0.04 
6.87 x 10' 9 x 0.1 

5.58 I 105 5 x 10-12 0.05 
5 x 10-12 0.04 

1 I 10'5 1.0 

2.58 I IO6 6 I IO-'' 0.005 

6.49 I 10' 

84.9 

1.29  IO-^ 

2.32 10-3 
0.6SJ 

0.176 
9.08 
13.1 

2.69 X 

2.26 I 10' 
2 .48  x 

0.0292 
7.19 1 10.8 

6.80 x IO-' 

0.25 

6.76 1 IO-' 

1 . 6 1  1 0 - ~  

1.96 I 10-1 

1.24 IO-) 

0.226 

0.160 
(SI 
1.11 
8.47 I IO-' 

N 
N 



Table A-3. (continued) 

314 d 

3.222 h 

57 . 
352 y 
13.08 y 

900 y 
2.646 y 
17 .812  d 

60.5 d 

1 . 5  h 

20.467 d 

276 d 
39.3 h 

39.8 d 

25 m 

3.24 h 

20.07 h 

2.62 h 

94 d 

380 YS 

5 . 4  0.125 1.67 a 0.358 

0.23 3.89 a 10' 2.75 1 IO4 
1.32 lo7 

5.81 4.08 0 .  I52 
6.03 109 4.06 

1.59 5 .79  x 10-2 

5 . 8 4  8.49  a lo3 1.06 1 lo4 
-4 x IO6 

6.63 2.52 lo4 1.01 103 

6.11 5 5 6  39.0 
5.98 0.27 2.90 1 IO4 13.89 

6 .42  1.86 x I O 3  71.9 

0.48 3.14 1 IO5 1.18  x I O 3  
1.29 a lo4 
2.94 a IO7 

7.20 3.81 a IOb 1.68  x IO5 

7.03  6.13  1 10' 1.79 x IO4 

5.85 x IO6 4.67 x IOb 

5.41 lo3 %200 
1.15 I IO1] 

2.74 x IO7 3 . 7 1  x IOl2 6.34 x IO3  9 I IO-'' 0.7 4.19 x IO-' 

1 x IO-? 0.05 1.29 x IO-' 8.62  
2.92 I IO" 

2 a 0.04 9.80 a  IO-^ 4.62 lo9 i56 

1 . 2 3  I 10'' 6.85 x 10' 5 I I O - 1 2  0.04 3.70 I 

1 . 7 8  lo9 2 x 0 .04  2.50  I 
5.88 a 10" 1.40 a 10" 6 x 0 . 0 1  1.87 x IO-' 

1.02 loll 6 . 4 1  8 x IO-'' 0 . M  1.40 I 
2.89  a 10" 7.35 I IO" 5 1 0.0007 11.24 I IO-' 

2.86 1.91 X IO7 6 X 0.04  1.59 x 10" 

2 . 1 1  a 10" <5.04 a 105 2 a IO-'' 0.02  1.08 x IO-' 

6.97 1014 5 0.02 6:37  IO-^ 
2.06 I IO1' 4.92 x IO9 4 x 0.04 3.10 x 

6.52 I 10" 

4 .31  x 10" 

6.94 1 IO1' 

6.12 X 10l2  

2.02 X 10" b X IO-' 0 . 0 2  5.25 I 
1.36 x IO9 1 x IO-' 0 . 0 4  6.53 x 10" 

4.43 x IOl6 2 1 IO-' O.MHl8 1.71 x IO-'' 

%e values for properties  included in this  table are those in use a t  1RU at the  end of the report period 

b F r a  ICRP Publication 2 .  "Report of L o r i t t e e  I 1  on Permissible  Oosc f o r  internal R?.d>ation" (1959) and ICRP Publ i ca t ion  6 ,  'Recorrendationr of the 

CLountinp geoletry .  5 1 %  

d242h decays by 6 t11s51on (84%) and orb i ta l  capture (Ib\ )  

e242mh decays almost ent i re ly  by Lsomeric t rans i t ion  t o  the  16-hr ground s t a t e .  242Am. 

f244mh decays primarily by B mxssion. but 0.039% decays by e lec tron  capture to 244Pu 

International  C-ission on RadLoIogIcaI Protection" (1964) 



24 

Table A-4. Neutron cross sections used to compute transmutations in  HFIR 
target irradiations 

Capture Fi88iOn 
2200-4. h8onance Reaorunce 2 2 0 0 4 ~  h a o u n c e  Resonance 

Cro.8 Section Self-Shielding Inte(r.1 Cro88 Section Self-Shielding Intesral 
Nuclide Half-Life (barns) Conatant (barn.) (barn.) Conat ant (barar) 

87.404 y 

2.4413 x lo4 y 

6580 y 

14.98 y 

3.869 lo5 

8.28 107 

4.955 h 

10.6 h 

10.85 d 

7370 y 
10.1 h 

26 m 

49 8 

2.07 h 

25.0 m 

18.099 y 

8265 y 

4655 Y 

1.56 107 

3.397 105 

64 m 

1.14 x lo4 y 

314 d 
3.222 h 

57 m 

352 y 

13.08 y 

900 y 

2.666 y 

17.812 d 

60.5 d 

1.5 h 

20.467 d 

276 d 

39.3 h 

39.8 d 

25 m 

3.24 h 
20.07 h 

2.62 h 

94 d 

380 ua 

560 

265.7 

2 90 

360 

19.5 

80 

1.6 

277 

0 

105 

0 

0 

0 

0 
0 

10.0 

343 

1.25 

60 

3.56 

2.8 

2 

1451 

350 

0 

450 

1900 

2850 

19.8 

12.6 

50 

0 

345 

20 

1.26 

60 

0 

76 

26 

45 
10 

0 

0 

0 

0 

0 

6.20 

0 

0 

0 

0 

0 

0 
0 

0 

0 
0 

4.0 

2.4 

0 

0 

2.0 

0 

0 

2.4 

0 

0 

1.46 

20 

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 

120 

121 

500 
170 

0 

0 

1240 

0 

0 

750 

11600 

1600 

41 

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 

1727 

0 

120 

0 

50 
0 

0 

3000 
0 

1690 

0 

3750 

32 

1300 

0 

0 

0 

3060 

1840 

0 

0 

0 

100 

0 

5500 

0 

0 
0 
0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 

4.0 

2.4 

0 

0 
0 

0 
0 

0 
0 
0 

6.8 
0 

14 

0 

0 

0 
0 

0 
0 
0 
0 
0 

0 
0 
0 

0 
0 

25 

326 

0 

54 1 
0 

0 
0 

0 
0 

0 
0 
0 
0 

0 
0 

12.5 

1140 

0 

1060 

0 

0 
0 

0 
0 
0 

2920 

0 

5400 

110 

0 
0 

0 

0 

0 
0 
0 
0 

0 
0 

0 
0 
0 

*To aimplify calculationn ve uae a fictitious isotope. z44c&, which combine8 the propertian of 2 4 4 m k  and 244Am accordin8 to chair 
rclatlve rate8 of production from 243Am. 
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real isomers 244gAm and 244mAm by assuming that: 

of 244cAm present equals the total number of atoms of the real isomers; 

(2) the 19 decay from 244cAm equals the total B decay from the real isomers; 
(3) the fissions from 244cAm equal the total fissions from the real isomers; 

(4) the isomers are in equilibrium with their common parent 243Am while 

the reactor is operating; and ( 5 )  the only significant production and re- 
moval factors are the removal of the isomers by decay and neutron absorp- 
tion and the production of the isomers by transmutation from . Thus, 

(1) the number of atoms 

24 3& 

(1) Nc = N + Nm , 
g 

(2) hcNc = h N + hmNm , 
g g  

f f f (3) acNc = u N + umNm , 

(4) dt = dt dt 

g g  
dN dNm 
3 = - = 0, and dNc 

where superscripts f, a, and c refer to fission, neutron absorption, and 

neutron capture; subscript i refers t o  the ith isomer, c, g, or m; and fi 
is the fraction of neutron captures in 243Am resulting in the ith isomer, 

such that fc = f + fm = 1, 
g 
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