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PREFACE 

The reports in this document were submitted to the United 
States Nuclear Data Committee (USNDC) in June 1974. The reporting labora-
tories are those having a substantial effort In measuring neutron and 
nuclear cross sections of relevance to the U.S. applied nuclear energy 
program. The material contained in these reports is to be regarded as 
comprised of informal statements of recent developments and preliminary 
data. Persons wishing to make use of these data should contact the 
individual experimenter for further details. The data which appear in this 
document should be quoted only by permission of the contributor and should 
be referenced as private communication, and not by this document number. 
Appropriate subjects are listed as follows: 

1. Microscopic neutron cross sections relevant to the 
nuclear energy program, including shielding. Inverse reactions where 
pertinent are included. 

2. Charged particle cross sections, where they are 
relevant to 1) above, and where relevant to developing and testing 
nuclear models. 

3. Gamma-ray production, radioactive decay, and theoreti-
cal developments in nuclear structure which are applicable to nuclear 
energy programs. 

4. Proton and alpha-particle cross sections, at energies 
of up to 1 GeV, which are of interest to the space program. 

These reports cannot be regarded as a complete summary of 
the nuclear research efforts in the U.S. A number of laboratories, whose 
research is less programmatically oriented do not submit reports; neither 
do the submitted reports reflect all the work related to nuclear cross 
sections in progress at the submitting laboratory. Budgetary limitations 
have made i t mandatory to follow more str ict ly the subject guidelines 
described above and therefore to restrict the size of this document. 

This compilation has been produced almost completely from 
master copies prepared by the Individual contributors l isted in the 
Table of Contents. I t i s a pleasure to acknowledge their help in the 
preparation of these reports. 

C. D. Bowman, Secretary, USNDC 
Chief, Nuclear Sciences Division 
National Bureau of Standards 
Washington, D.C. 20234 
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1 5 - A 3 - 7 4 P A G E 1 

E L E M E N T O U A N T J T Y T Y P E E N E R G Y D O C U M E N T A T I O N L A B C O M M E N T S 
s A M I N MAX R E F V O L P A G E D A T E 

D 0 0 2 G A M M A , N E X P T . P R O G NOG U S N D C - 1 1 2 7 2 6 7 4 Y A L O R O O K S * D I F F P O L O F P H O T O - N 

T 003 T O T A L X S E C T E X P T - P R O G N D G U S N D C - 1 1 1 4 7 6 7 4 L A S S E A G R A V E * T O B E D O N E 

T 0 0 3 T O T A L X S E C T E X P T - P R O G • 5 U S N D C - 1 1 1 4 3 6 7 4 L R L P H I L L I P S * 

H E 0 0 3 T O T A L X S E C T E X P T - P R O G N D G U S N D C - 1 1 1 4 7 6 7 4 L A S S E A G R A V E * T B L , 

H E 0 0 4 T O T A L X S E C T E X P T - P R O G N D G U S N D C - 1 1 1 4 7 6 7 4 L A S S E A G R A V E * T B L , 

H E 0 0 4 P O L A R I Z A T I O N E X P T - P R O G 2 0 * 6 7 0 * 6 U S N D C - 1 1 2 7 1 6 7 4 Y A L F I R K * 

L I 0 0 6 E V A L U A T I O N E V A L - P R O G 1 7 * 6 U S N D C - 1 1 1 5 2 6 7 4 L A S H A L E * 

L I 0 0 6 T O T A L X S E C T E X P T - P R O G • 2 1 0 * 6 U S N D C - 1 1 1 9 4 6 7 4 O R L H A R V E Y * G R P H I 

L I 0 0 6 N . A L P H A R E A C E X P T - P R O G • 3 1 5 * 6 U S N D C - 1 1 1 0 6 6 7 4 I R T F R 1 E S E N H A N , G R P H S . 

L I 0 0 6 N . A L H H A R E A C E X P T - P R O G * 6 U S N D C - 1 1 1 6 3 6 7 4 MHG S T E P H A N Y * 

L I 0 0 6 P O L A K I H A T I O N E X P T . P R O G 2 0 * 6 5 0 * 6 U S N D C - 1 1 2 7 1 6 7 4 Y A L F I R K * 

L I 0 0 7 E V A L U A T I O N E V A L - P R O G 5 0 * 4 2 0 * 7 U S N D C - 1 1 1 5 3 6 7 4 L A S F O S T E R * 

L I 0 0 7 N , GAMMA E X P T - P R O G 5 5 * 5 2 0 * 7 U S N D C - 1 1 1 8 8 6 7 4 O R L D I C K E N S * 

B E 0 0 9 D I F F E L A S T I C E X P T - P R O G 7 5 * 6 1 4 * 7 U S N D C - 1 1 2 6 7 6 7 4 A B O B U C H E R * 

B E 0 0 9 S C A T T E R I N G E X P T - P R O G 1 5 * 6 2 0 * 7 U S N D C - 1 1 1 1 3 6 7 4 I R T H A R R I S * 

BE 0 0 9 N , GAMMA E X P T - P R O G 1 5 * 6 2 0 * 7 U S N D C - 1 1 1 1 3 6 7 4 I R T H A R R I S * 

B E 0 0 9 N , G A M M A E X P T - P R O G NOG U S N D C - 1 1 1 4 9 6 7 4 L A S J U R N E Y . T B L , 

BE 0 0 9 P O L A R I Z A T I O N E X P T - P R O G 5 0 * 6 U S N O C - 1 1 2 7 1 6 7 4 Y A L F I R K * 

B 0 1 0 S C A T T E R I N G E X P T - P R O G 2 6 * 6 U S N D C - 1 1 2 0 9 6 7 4 OHO H A U S L A O E N * 

B 0 1 0 N . A L P H A R E A C E X P T - P R O G • 3 1 5 * 6 U S N D C - 1 1 1 0 S 6 7 4 I R T F R I E S E N H A N , G R P H S , 

8 0 1 0 N . A L P H A R E A C E X P T . P R O G NOG U S N D C - 1 1 1 6 5 6 7 4 N B S L A M A Z E * B H A N C H T N G R A T I O M E A S M T 

B 0 1 1 S C A T T E R I N G F X P T - P R O G 2 2 * 6 4 5 * 6 U S N D C - 1 1 2 1 0 6 7 4 OHO N E L S O N * 

C 0 1 2 T O T A L X S E C T E X P T - P R O G • 3 1 4 * 6 U S N D C - 1 1 1 6 5 6 7 4 N B S H E A T O N * 

c 0 1 2 D I F F E L A S T I C E X P T - P R O G 7 5 * 6 1 4 * 7 U S N D C - 1 1 2 6 7 6 7 4 A B D B U C H E R * 

c 0 1 2 O I F F E L A S T I C E X P T - P R O G 9 0 * 6 1 0 * 7 U S N D C - 1 1 2 2 3 6 7 4 D K E G L A S G O W * T O H E E X T E N D E D T O E N " 1 5 M E V 

c 0 1 2 0 I F F I N E L A S T E X P T - P R O G 9 0 * 6 1 0 * 7 U S N D C - 1 1 2 2 3 6 7 4 O K E G L A S G O W * T O B E E X T E N D E D T O E N = 1 5 M E V 

c 0 1 2 S C A T T E R I N G E X P T - P R O G 1 5 * 6 2 0 * 7 U S N D C - 1 1 1 1 3 6 7 4 I R T H A R R I S * 

c 0 1 2 S C A T T E R I N G E X P T - P R O G 2 6 * 6 U S N O C - 1 1 2 1 1 6 7 4 OHO K N O X * 

c 0 1 2 N» GAMMA E X P T - P R O G 1 5 * 6 2 0 * 7 U S N D C - 1 1 1 1 3 6 7 4 I R T H A R R I S * 

c 0 1 2 N > GAMMA E X P T - P R O G N C G U S N D C - 1 1 1 5 1 6 7 4 L A S A U C H A M P A U G H * P R E L I M , 

c 0 1 2 N P R O D U C T I O N E X P T - P R O G N D G U S N O C - 1 1 1 9 8 6 7 4 O R L H A C H T E R * I N C I D E N T P A R T , 

c 0 1 2 G A M M A , N E X P T - P R O G N D G U S N D C - 1 1 2 7 1 6 7 4 Y A L N A T H * D I F F P O L OF P H O T O - N 

N 0 1 4 S C A T T E R I N G E X P T - P R O G 1 E > * 6 2 0 * 7 U S N D C - 1 1 1 1 3 6 7 4 I R T H A R R I S * 

N 0 1 4 N> GAMMA E X P T - P R O G 1 5 * 6 2 0 * 7 U S N D C - 1 1 1 1 3 6 7 4 I R T H A R R I S * 

N 0 1 4 N» G A M M A E X P T - P R O G NOG U S N D C - 1 1 1 0 8 6 7 4 I R T O R P H A N * G H P H S . T B L 
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1 5 - A 0 - 7 4 PACE 2 

C L E M E N T Q U A N T I T Y T Y P E E N E R G Y D O C U M E N T A T I O N L A B C O M M E N T S 
s A M I N MAX R E F V O L P A G E O A T E 

N 0 1 4 N . GAMMA E X P T - P R O G 1 4 * 7 U S N D C - 1 1 1 3 1 6 7 4 L R L H A N S E N * 

0 0 1 6 S C A T T E R I N G E X P T - P R O G 1 5 * 6 2 0 * 7 U S N D C - 1 1 1 1 3 6 7 4 I R T H A R R I S * 

0 0 1 6 N , GAMMA E X P T - P R O G 1 5 * 6 2 0 * 7 U S N D C - 1 1 1 1 3 6 7 4 I R T H A R R I S * 

0 0 1 6 N . GAMMA E X P T - P R O G 1 4 * 7 U S N D C - 1 1 1 3 1 6 7 4 L R L H A N S E N * T B L , 

0 0 1 6 G A M M A , N E X P T - P R O G NOG U S N O C - 1 1 2 7 1 6 7 4 Y A L N A T H * D I F F P O L OF P H O T O - N 

r 0 1 9 N , GAMMA E X P T - P R O G 5 5 * 5 2 0 * 7 U S N D C - 1 1 1 8 8 6 7 4 O R L OJCKENS* GRpH, 

NA 0 2 4 E V A L U A T I O N E V A L - P R O G NDG U S N O C - 1 1 3 6 7 4 A N C H E L M E R * H L I G E N G Y S P E C T , G I N T , TBLS 

HG 0 2 4 N , GAMMA E X P T - P R O G 8 0 * 5 2 0 * 7 U S N O C - 1 1 1 8 8 6 7 4 O R L D I C K E N S * 

MG 0 2 7 E V A L U A T I O N E V A L - P R O G NDG U S N D C - 1 1 3 6 7 4 A N C HELMER* H L I G ENGY S P E C t , G I N T , TBLS 

AL 0 2 7 O I F F E L A S T I C E X P T - P R O G 7 5 * 6 1 4 * 7 U S N D C - 1 1 2 6 7 6 7 4 A B D B U C H E R * 

AL 0 2 7 O I F F E L A S T I C E X P T - P R O G 2 6 * 7 U S N O C - 1 1 2 0 9 6 7 4 OHO C A R L S O N * 

AL 0 2 7 N P R O D U C T I O N E X P T - P R O G NOG U S N D C - 1 1 1 9 8 6 7 4 O R L WACHTER* P r l N C i D E N T P A R T , 

S I 0 2 8 N , GAMMA E X P T - P R O G 4 5 * 6 U S N D C - 1 1 2 2 4 6 7 4 O K E C L E M E N T * 

S I 0 2 8 N , GAMMA E X P T - P R O G 5 0 * 5 2 0 * 7 U S N D C - 1 1 1 0 8 6 7 4 I R T R O G E R S * 

s: 0 2 8 N . GAMMA E X P T - P R O G 5 0 * 6 9 5 * 6 U S N D C - 1 1 1 8 5 6 7 4 O R L D I C K E i g S * 

s 0 3 3 N , A L P H A R E A C E X P T - P R O G 1 0 * 4 6 7 * 5 U S N D C - 1 1 1 5 3 6 7 4 L A S A U C H A M P A U G H * G R P H . 

CA 0 4 E N , GAMMA E X P T - P R O G NDG U S N D C - 1 1 6 7 6 7 4 COL S I N G H * R E S S P E C T , G R P H S 

CA 0 4 0 N , N P R O T O N E X P T - P R O G 1 7 * 7 2 0 * 7 U S N O C - 1 1 1 9 0 6 7 4 O R L O I C K E N S , 

6 C 0 4 6 E V A L U A T I O N E V A L - P R O G NDG U S N D C - 1 1 3 6 7 4 A N C H E L M E R ' * H L I G E N G Y S P E C T , G I N T , T B L S 

SC 0 4 7 E V A L U A T I O N E V A L - P R O G NDG U S N D C - 1 1 3 6 7 4 A N C H E L M E R * H L I G E M C Y S P E C T , G I N T , T B L S 

8 C 0 4 8 E V A L U A T I O N E V A L - P R O G NDG U S N D C - 1 1 3 6 7 4 A N C H E L M E R * H L I G E N G Y S P E C T , G I N T , T B L S 

V 0 5 1 T O T A L X S E C T E X P T - P R O G 5 0 * 6 U S N D C - 1 1 2 3 6 7 4 A N L GUENThER* 

V 0 5 1 S C A T T E R I N G E X P T - P R O G 5 0 * 6 U S N D C - 1 1 2 5 6 7 4 A N L G U E N T H E R * 

CR 0 5 0 F I S S I O N E X P T - P R O G NDG U S N D C - 1 1 1 1 6 7 4 ANC M A R K E R * N - C A P T I N T E G C S , H L 

MN 0 5 4 E V A L U A T I O N E V A L - P R O G NDG U S N D C - 1 1 3 6 7 4 A N C H E L M E R * H L I G EMGY S P E C T , G I N T , T B L S 

F E 0 5 4 T O T A L X S E C T E X P T - P R O G NDG U S N D C - 1 1 2 2 1 6 7 4 R P I P A N Q E Y * 

F E 0 5 4 N , GAMMA E X P T - P R O G NOG U S N D C - 1 1 2 2 1 6 7 4 R P I P A N D E R * 

F E 0 5 4 N P R O D U C T I O N E X P T - P R O G NOG U S N D C - 1 1 1 9 8 6 7 4 O R L W A C H T E N * P « I N C I O E N T P A R T , 

F E 0 5 6 O I F F E L A S T I C E X P T - P R O G 7 5 * 6 1 4 * 7 U S N O C - 1 1 2 6 7 6 7 4 A B D B U C H E R * 

F E 0 5 6 D I F F E L A S T I C E X P T - P R O G 2 6 * 7 U S N D C - 1 1 2 0 9 6 7 4 OHO C A R L S O N * 

F E 0 5 6 S C A T T E R I N G E X P T - P R O G 1 5 * 6 2 0 * 7 U S N D C - 1 1 1 1 3 6 7 4 I R T H A R R I S * 

F E 0 5 6 N , GAMMA E X P T - P R O G 1 5 * 6 2 0 * 7 U S N D C - 1 1 1 1 3 6 7 4 I R T H A R R I S * 

F E 0 5 6 N , GAMMA E X P T - P R O G NDG U S N D C - 1 1 1 9 7 6 7 4 O R L S L A U G H T E R * S H E L I . M O D E L C A L C 

F E 0 5 6 N , GAMMA E X P T - P R O G NDG U S N D C - 1 1 1 9 6 6 7 4 O R L W H I T E * 

FE 0 5 8 T O T A L X S E C T E X P T - P R O G NDG U S N D C - 1 1 2 2 1 6 7 4 R P I P A N D E Y * 
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1 5 - A G - 7 4 P A G E 3 

E L E M E N T Q U A N T I T Y T Y P E E N E R G Y D O C U M E N T A T I O N L A B C O M M E N T S 
s A M I N M A X R E T V O L P A G E D A T E 

FE 0 5 8 N . G A M M A E X P T - P R O G N O G U S N D C - U 2 2 1 6 7 4 R P ! P A N D E Y * 

FE 0 5 9 E V A L U A T I O N E V A L - P R O G N O G U S N D C - 1 1 3 6 7 4 A N C H E L M E R * H L , G E N G Y S P E C T • G I N T , T B L S 

CO 0 5 8 E V A L U A T I O N E V A L - P R O G N D G U S N O C - 1 1 3 6 7 4 A N C H E L M E R * H L . G E N G Y S P E C T , G I N T , T B L S 

CO 0 6 0 E V A L U A T I O N E V A L - P R O G N D G U S N D C - 1 1 3 6 7 4 A N C H E L M E R * H L i G E N G Y S P E C T . G I N T , T B L S 

N I 0 5 8 D I F F E L A S T I C E X P T - P R O G 1 0 * 5 5 0 * 6 U S N D C - 1 1 1 7 6 7 4 A N L G U E N T H E R * G R P H S 

N I 0 5 8 T O T A L X S E C T E X P T - P R O G 3 0 * 5 4 0 * 6 U S N D C - U 1 7 6 7 4 A N L G U E N T H E R * G R P H S 

N I 0 5 8 OlFF INELAST E X P T - P R O G 4 0 * 6 U S N D C - 1 1 1 7 6 7 4 A N L G U E N T H E R * C R P H S 

N I 0 5 8 E V A L U A T I O N E V A L - P R O G T H R 2 0 * 7 U S N D C - 1 1 1 7 6 7 4 A N L S M I T H N P ^ N . N A . N O I N N P , N N A R E A C T I O N S 

N I 0 5 8 D I F F E L A S T I C E X P T - P R O G 7 5 * 6 1 4 + 7 U S N D C - 1 1 2 6 7 6 7 4 A B D B U C H E R * 

N I 0 6 1 T O T A L X S E C T E X P T - P R O G N D G U S N D C - 1 1 2 2 1 6 7 4 R P I P A N D E Y * G R P H i 

N I 0 6 1 N . G A M M A E X P T - P R O G N D G U S N D C - 1 1 2 2 1 6 7 4 R P I P A N D E Y * S R P H 1 

N I 0 6 1 G A M M A , N E X P T - P R O G N D G U S N D C - 1 1 2 8 6 7 4 A N L J A C K S O N , G R P H S . ' 

N I 0 6 4 F I S S I O N E X P T - P R O G N D G U S N D C - 1 1 1 1 6 7 4 A N C M A R K E R * N - C A P T I N T E G C S . H L 

C U 0 6 3 D I F F E L A S T I C E X P T - P R O G 7 5 * 6 1 4 * 7 U S N D C - 1 1 2 6 7 6 7 4 A B O B U C H E R * 

C U 0 6 3 N . GA«FLA E X P T - P R O G 5 0 * 5 2 0 * 7 U S N D C - 1 1 1 0 8 6 7 4 I R T R O G E R S * 

C U 0 6 4 E V A L U A T I O N E V A L - P R O G N D G U S N D C - 1 1 3 6 7 4 A N C H E L M E R * H L i G E N G Y S P E C T . G I N T , T B L S 

IN 0 6 4 O I F F E L A S T I C E X P T - P R O G 9 0 * 5 6 0 * 6 U S N D C - 1 1 1 9 0 6 7 4 O R L S L A U G H T E R * 

IN 0 6 4 N> G A M M A E X P T - P R O G 8 5 * 5 2 0 * 7 U S N D C - 1 1 1 8 5 6 7 4 O R L O I C K E N S * G R P H . 

Y 0 8 9 N . G A M M A E X P T - P R O G 1 4 * 7 U S N D C - 1 1 1 5 1 6 7 4 L A S A R T H U R * 

Z R 0 9 0 T O T A L X S E C T E X P T - P R O G 4 0 * 6 5 0 * 6 U S N D C - 1 1 2 5 6 7 4 A N L S M I T H * G R P H S 

Z R 0 9 0 O I F F E L A S T I C E X P T - P R O G 4 0 * 6 5 0 * 6 U S N O C - 1 1 2 5 6 7 4 A N L S M I T H * G R P H S 

Z R 0 9 0 O I F F I N E L A S T E X P T - P R O G 4 0 * 6 5 0 * 6 U S N D C - 1 1 2 5 6 7 4 A N L S M I T H * G R P H S 

Z R 0 9 0 N . G A M M A E X P T - P R O G 1 4 * 7 U S N D C - 1 1 1 5 1 6 7 4 L A S A R T H U R * 

Z R 0 9 2 T O T A L X S E C T E X P T - P R O G 4 0 * 6 5 0 * 6 U S N O C - 1 1 2 5 6 7 4 A N L S M I T H * G R P H S 

Z R 0 9 2 T O T A L X S E C T E X P T - P R O G N O G U S N D C - 1 1 1 9 1 6 7 4 O R L G O O D * T B L i G R P H 

Z R 0 9 2 O I F F E L A S T I C E X P T - P R O G 4 0 * 6 5 0 * 6 U S N D C - 1 1 2 5 6 7 4 A N L S M I T H * G R P H S 

Z R 0 9 2 D I F F I N E L A S T E X P T - P R O G 4 0 * 6 5 0 * 6 U S N D C - 1 1 2 5 6 7 4 A N L S M I T H * G R P H S 

Z R 0 9 4 T O T A L X S E C T E X P T - P R O G N D G U S N D C - 1 1 1 9 1 6 7 4 O R L G O O D * T B L I G R P H 

Z R 2 9 5 E V A L U A T I O N E V A L - P R O G N D G U S N D C - 1 1 3 6 7 4 A N C H E L M E R * H L i G E N G Y , G I N T . F I S S P R O . T B L 

Z R 0 9 6 T O T A L X S E C T F . X P T - P R O G N D G U S N D C - 1 1 1 9 1 6 7 4 O R L G O O D * T B L » G R P H 

N B 0 9 3 O I F F E L A S T I C C X P T - P R O G 2 6 * 7 U S N D C - 1 1 2 0 9 6 7 4 O H O C A H ^ S O N * 

MB 0 9 3 th G A M M A F V A L - P R O G 3 0 * 5 2 5 * 6 U S N D C - 1 1 2 1 6 7 4 A N L P O E N I T Z . T B L . G R P H S 

N B 0 9 3 A C T I V A T I O N E V A L - P R O G N D G U S N D C - 1 1 2 1 6 7 4 A N L P Q E N 1 1 Z T G R P H , 

N B 0 9 4 N , G A M M A E V A L - P R O G N D G U S N D C - 1 1 2 1 6 7 4 A N L P O E N I T * . G R P H , 

N B 0 9 4 A C T I V A T I O N E V A L - P R O G N D G U S N D C - 1 1 2 1 6 7 4 A N L P O E N I T Z . G R P H , 



E L E M E N T Q U A N T I T Y 
S A 

T Y P E E N E R G Y D O C U M E N T A T I O N L A B 
M I N MAX R E F V O L P A G E D A T E 

1 5 - A 5 - 7 4 P A G E 4. 

C O M M E N T S 

MO 0 9 2 T O T A L X S E C T E X P T - P R O G 4 0 * 6 5 0 * 6 U S N D C - 1 1 

MO 0 9 2 D I F F E L A S T I C E X P T - P R O G 4 0 * 6 5 0 * 6 U S N D C - 1 1 

MO 0 9 2 O I F F I N E L A S T E X P T - P R O G 4 0 * 6 5 0 * 6 U S N D C - 1 1 

MO 0 9 6 T O T A L X S E C T E X P T - P R O G 4 0 * 6 5 0 * 6 U S N D C - 1 1 

MO 0 9 6 O I F F E L A S T I C E X P T - P R O G 4 0 * 6 5 0 * 6 U S N D C - 1 1 

MO 0 9 6 D I F F I N E L A S T E X P T - P R O G 4 0 * 6 5 0 * 6 U S N D C - 1 1 

MO 0 9 8 T O T A L X S E C T E X P T - P R O G 2 4 * 4 U E N D C - 1 1 

MO 0 9 8 T O T A L X S E C T E X P T - P R O G 4 0 * 6 5 0 * 6 U S N D C - 1 1 

MO 0 9 8 D I F F E L A S T I C E X P T - P R O G 4 0 * 6 5 0 * 6 U S N D C - 1 1 

MO 0 9 8 O I F F I N E L A S T E X P T - P R O G 4 0 * 6 5 0 * 6 U S N D C - 1 1 

HO 1 0 0 T O T A L X S E C T E X P T - P R O G 4 0 * 6 5 0 * 6 U S N D C - 1 1 

MO 1 0 0 O I F F E L A S T I C E X P T - P R O G 4 0 * 6 5 0 * 6 U S N D C - 1 1 

MO 1 0 0 D I F F I N E L A S T E X P T - P R O G 4 0 * 6 5 0 * 6 U S N D C - 1 1 

R U 1 0 3 E V A L U A T I O N E V A L - P R O G N O G U S N O C - 1 1 

PD 1 0 5 N , GAMMA E X P T - P R O G N D C U S N D C - 1 1 

PD 1 0 8 F I S S I O N E X P T - P R O G N D G U S N D C - 1 1 

PO 1 1 0 F I S S I O N E X P T - P R O G N D G U S N D C - 1 1 

AG 1 0 9 F I S S I O N E X P T - P R O G N O G U S N D C - U 

I N 1 1 5 E V A L U A T I O N E V A L - P R O G N D G U S N D C - 1 1 

t N 1 1 6 E V A L U A T I O N E V A L - P R O G N O G U S N O C - 1 1 

S N 1 1 8 D I F F E L A S T I C E X P T - P R O G 7 5 * 6 1 4 * 7 U S N D C - 1 1 

8 N 1 1 8 N> GAMMA E X P T - P R O G 7 5 * 5 2 0 * 7 U S N D C - 1 1 

S N 1 2 0 O I F F E L A S T I C E X P T - P R O G 2 6 * 7 U S N O C - 1 1 

T E 1 3 2 E V A L U A T I O N E V A L - P R O G N O G U S N O C - 1 1 

X E 1 2 5 N , GAMMA E X P T - P R O G N D G U S N O C - 1 1 

es 1 3 7 E V A L U A T I O N E V A L - P R O G N O G U S N O C - 1 1 

BA 1 4 0 E V A L U A T I O N E V A L - P R O G N O G U S N D C - 1 1 

L A 1 4 0 E V A L U A T I O N E V A L - P R O G N O G U S N O C - 1 1 

C E 1 4 0 N , GAMMA E X P T - P R O G N D G U S N D C - 1 1 

C E 1 4 4 E V A L U A T I O N E V A L - P R O G N O G U S N D C - 1 1 

P R 1 4 4 E V A L U A T I O N E V A L - P R O G N D G U S N D C - 1 1 

ND 1 4 3 N , GAMMA E X P T - P R O G N D G U S N D C - 1 1 

ND 1 4 3 F I S S I O N E X P T - P R O G N D G U S N O C - 1 1 

ND 1 4 4 F I S S I O N E X P T - P R O G N D G U S N D C - 1 1 

NO 1 4 5 F I S S I O N E X P T - P R O G N O G U S N D C - 1 1 

2 5 6 7 4 A N L S M I T H * G R P H S 

2 5 6 7 4 A N L S M I T H * G R P H S 

2 5 6 7 4 A N L S M I T H * G R P H S 

2 5 6 7 4 A N L S M I T H * G R P H S 

2 5 6 7 4 A N L S M I T H * G R P H S 

2 5 6 7 4 A N L S M I T H * G R P H S 

4 7 6 7 4 B N L R 1 MAW J * 6 R P H 

2 5 6 7 4 A N L S M I T H * G R P H S 

2 5 6 7 4 A N L S M I T H * G R P H S 

2 5 6 7 4 A N L S M I T H * C R P H S 

2 5 6 7 4 A N L S M I T H * G R P H S 

2 5 6 7 4 A N L S M I T H * G R P H S 

2 5 6 7 4 A N L S M I T H * G R P H S 

3 6 7 4 A N C H E L M E R * M L . G E N C Y I ' G I N T . F I S S P R O . T B L 

2 2 0 6 7 4 R P I K N O X * 

1 1 6 7 4 A N C H A R K E R * N - C A P T I N T E G C S . H L 

1 1 6 7 4 A N C H A R K E R * N - C A P T I N T E G C S , H L 

1 1 6 7 4 A N C H A R K E R * N - C A P T I N T E G C S . H L 

3 6 7 4 A N C H E L M E R * H L » G E N G Y S P E C T , 0 I N T , T B L S 

3 6 7 4 A N C H E L M E R * W L , G E Y G Y S P E C T , G I N T , T B L S 

2 6 7 6 7 4 ABO B U C H E R * 

1 8 5 6 7 4 O R L D I C K E N S * G R P H , 

2 0 9 6 7 4 OHO C A R L S O N * 

3 6 7 4 A N C H E L M E R * H L , G E M C Y , G I N T . F I S S P R O . T B L 

5 8 6 7 4 B N L K A N E * NEW X E - 1 2 5 I S O M E R 

3 6 7 4 A N C H E L M E R * W L , G E N G Y . G I N T , F 1 S S P R O . T B L 

3 6 7 4 A N C H E L M E R * M L , G E M G Y , G I N T . F I S S P R O . T B L 

3 6 7 4 A N C H E L M E R * W L , G E>JGY»G I N T . F I S S P R O . T B L 

6 8 6 7 4 C O L H A C K E N * C S . R E S P A R A M S , S T R G T H F U N C T , 

3 6 7 4 A N C H E L M E R * H L , G E N G Y I G 1 N T . F J S S P R O . T B L 

3 6 7 4 A N C H E L M E R * H L . G E N G Y . G I N T . F I S S P R O . T B L 

1 9 8 6 7 4 O R L M C C L U R E * 

1 1 6 7 4 A N C H A R K E R * N - C A ^ T I N T E G C S , H L 

1 1 6 7 4 A N C H A R K E R * N - C A P T ' I N T E G C S , H L 

1 1 6 7 4 A N C H A R K E R * N - C A P T I N T E G C S , H L 



I L E M E N T 
S A 

Q U A N T I T Y T Y P E E N E R G Y 
M I N MAX 

D O C U M E N T A T I O N 
R E F V O L P A G E D A T E 

L A B 

1 5 - A 3 - 7 4 P A G E 5 

C O M M E N T S 

NO 1 4 6 F I S S I O N E X P T - P R O G N D G U S N O C - 1 1 1 1 6 7 4 A N C H A R K E R * N - C A P T I N T E G C S . H L 

NO 1 4 6 F I S S I O N E X P T - P R O G N D G U S N D C - 1 1 1 1 6 7 4 A N C M A R K E R * N - C A P T I N T E G C S , H L 

NO 1 5 0 F I S S I O N E X P T - P R O G N D G U S N D C - 1 1 1 1 6 7 4 A N C M A R K E R * N - C A P T I N T E G C S , H L 

SM 1 4 9 N> GAMMA E X P T - P R O G N D G U S N D C - 1 1 4 2 6 7 4 B N L B E C V A R * O - W I U T H , G R P H S 

8 M 1 5 4 N » G A M M A E X P T - P R O G N D G U S N D C - 1 1 4 2 6 7 4 B N L C O L E * 4 S G I A N T R E S 

eu 1 5 1 N . G A M M A E X P T - P R O G N D G U S N D C - 1 1 2 2 0 6 7 4 R P I K N O X * 

C U 1 5 3 N » G A M M A E X P T - P R O G • 3 U S N D C - 1 1 2 2 0 6 7 4 R P I K N O X * 

C D 1 5 5 N . G A M M A E X P T - P R O G N D G U S N D C - 1 1 4 6 7 4 A N C G R E E N W O O D * E - L V L S T U O Y 

eo 1 5 6 N . G A M M A E X P T - P R O G N D G U S N D C - 1 1 4 2 6 7 4 B N L C O L E * « S G I A N T R E S , T O B E D O N E 

0 0 1 5 7 N » GAMMA E X P T - P R O G N D G U S N D C - 1 1 4 6 7 4 A N C G R E E N K O O O * E - L V L S T U O Y 

OY 1 6 2 N . G A M M A E X P T - P R O G N D G U S N D C - 1 1 6 5 6 7 4 C O L L I 0 U * " E S S P E C T , G R P H S 

OY 1 6 4 N , G A M M A E X P T - P R O G T H R 1 4 * 2 U S N D C - 1 1 3 5 6 7 4 B N L C O L E * 4 S G I A . N R E S P A R A M S , G R P H S , T B L S 

OY 1 6 4 N> G A M M A E X P T - P R O G N O G U S N D C - 1 1 6 5 6 7 4 C O L L I O U * R E S S P T C T , C R P H S 

HO 1 6 5 S C A T T E R I N G E X P T - P R O G N D G U S N D C - 1 1 2 5 6 7 4 A N L S M I T H . 

HO 1 6 5 N , G A M M A E X P T - P R O G 1 4 * 7 U S N D C - 1 1 1 5 1 6 7 4 L A S A R T H U R * 

Y B 1 7 0 N , GAMMA E X P T - P R O G N D G U S N D C - 1 1 4 2 6 7 4 B N L C O L E * 4 S G I A N T R E S 

L U 1 7 5 N . G A M M A E X P T - P R O G N D G U S N D C - 1 1 1 7 6 6 7 4 N R L N A M E N S O N * S P I N S O F R E S O N S , G R P H , T B L S . 

H F 1 7 8 N I G A M M A E X P T - P R O G T H R U S N D C - 1 1 0 6 7 4 A N C H E L M E R * N - C A P T I N T E G C S , H L 

T A 1 8 1 N . GAMMA E X P T - P R O G • 0 * 2 U S N D C - 1 1 1 3 9 6 7 4 L R L S T E L T S * G R P H 

W 1 8 4 N» G A M M A E X P T - P R O G N O G U S N D C - 1 1 9 6 7 4 A N C G R E E N W O O D * L V L S T U D Y U S I N G W - 1 8 3 ( N G ) 

W 1 8 6 D I F F E L A S T I C E X P T - P R O G 7 5 * 6 1 4 * 7 U S N O C - 1 1 2 6 7 6 7 4 A B D B U C H E R * 

W 1 8 6 S C A T T E R I N G E X P T - P R O G N D G U S N D C - 1 1 2 5 6 7 4 A N L S M I T H * 

U 1 8 6 N> GAMMA E X P T - P R O G 2 4 * 4 U S N O C - 1 1 5 5 6 7 4 B N L C A S T E N * G R P H S 

W 1 8 6 N . G A M M A E X P T - P R O G N D G U S N D C - 1 1 4 2 6 7 4 B N L C O L E + 4 S G I A N T R E S 

OS 1 6 7 N . G A M M A E X P T - P R O G N D G U S N D C - 1 1 1 7 8 6 7 4 N R L N A M E N S O N * R E S O N A N C E S 

O S 1 8 8 N , G A M M A E X P T - P R O G 2 0 - 1 1 6 * 2 U S N D C - 1 1 1 4 3 6 7 4 L R L B R O W N E * 

OS 1 9 0 N . G A M M A E X P T - P R O G 2 0 - 1 1 6 + 2 U S N D C - 1 1 1 4 3 6 7 4 L R L B R O W N E * 

OS 1 9 2 N > G A M M A E X P T - P R O G 2 0 - 1 1 6 + 2 U S N D C - 1 1 1 4 3 6 7 4 L R L B R O W N E * 

A U 1 9 7 S C A T T E R I N G E X P T - P R O G N D G U S N D C - 1 1 1 8 2 6 7 4 N R L S T O L O V T * T H I N F I | _ M M E A S M T S , G R P H , 

A U 1 9 7 N » GAMMA E X P T - P R O G 3 0 * 3 5 5 + 5 U S N D C - 1 1 1 9 6 6 7 4 O R L M A C K L I N * 

A U 1 9 8 E V A L U A T I O N E V A L - P R O G N D G U S N D C - 1 1 3 6 7 4 A N C H E I M E R * H L , G E\LGY S P E C T , G I N T , T B L S 

T L 2 0 5 N> G A M M A E X P T - P R O G N O G U S N D C - 1 1 1 9 7 6 7 4 O R L E A R L E * R E S O N P A R A M S 

P B 2 0 6 D I F F E L A S T I C E X P T - P R O G 5 5 * 6 8 5 + 6 U S N D C - 1 1 1 9 1 6 7 4 O R L K I N N E Y * 

P B 2 0 6 D I F F I N E L A S T E X P T - P R O G 5 5 * 6 6 5 + 6 U S N D C - 1 1 1 9 1 6 7 4 O R L K I N N E Y * 

P B 2 0 6 N . G A M M A E X P T - P R O G N D G U S N D C - 1 1 1 9 6 6 7 4 O R L A L L E N * 



R I E M E N T 
S A 

Q U A N T I T Y TYPE E N E R G Y 
M I N MAX 

D O C U M E N T A T I O N 
R E F V O L P A G E O A T E 

L A B 

1 5 - A 0 - 7 4 P A G E 6 

C O M M E N T S 

PB 2 0 7 O I F F E L A S T I C E X P T - P R O G 5 5 * 6 8 5 * 6 U S N D C - H 1 9 1 6 7 4 O R L K I N N E Y * 

P B 2 0 7 • I F F I N E L A S T E X P T - P R O G 5 5 * 6 8 5 * 6 U S N O C - 1 1 1 9 1 6 7 4 O R L K J N N E Y * 

P B 2 0 7 N . GAMMA E X P T - P R O G 1 4 * 7 U S N D C - 1 1 1 5 1 6 7 4 L A S A R T H U R * 

P B 2 0 8 O I F F E L A S T I C E X P T - P R O G 7 0 * 6 1 4 * 7 U S N D C - 1 1 2 6 7 6 7 4 ABO B U C H E R * T B L 

P B 2 0 8 D I F F E L A S T I C E X P T - P R O G 2 6 * 7 U S N D C - 1 1 2 0 9 6 7 4 OHO C A R L S O N * 

PB 2 0 8 O I F F E L A S T I C E X P T - P R O G 5 5 * 6 6 5 + 6 U S N D C - 1 1 1 9 1 6 7 4 O R L K I N N E Y * 

P B 2 0 8 O I F F I N E L A S T E X P T - P R O G 5 5 * 6 8 5 * 6 U S N D C - 1 1 1 9 1 6 7 4 O R L K I N N E Y * 

PB 2 0 8 N P R O D U C T I O N E X P T - P R O G NDG U S N O C - 1 1 1 9 8 6 7 4 O R L WACHTER* P - I N C i D E N T PART, 

B ! 2 0 9 D I F F E L A S T I C E X P T - P R O G 7 5 * 6 1 4 * 7 U S N D C - 1 1 2 6 7 6 7 4 ABD B U C H E R * 

E I 2 0 9 D I F F E L A S T I C E X P T - P R O G 2 6 * 7 U S N D C - 1 1 2 0 9 6 7 4 OHO C A R L S O N * 

U 2 3 3 F I S S I O N E X P T - P R O G NDG U S N D C - 1 1 1 3 6 6 7 4 L R L B E H R E N S * 

U 2 3 5 S C A T T E R I N G E X P T - P R O G NDG U S N D C - 1 1 2 5 6 7 4 A N L S M I T H * 

U 2 3 5 F I S S I O N E X P T - P R O G N D G U S N D C - 1 1 1 2 1 6 7 4 I R T V E R B I N S K J * T H L S . 

u 2 3 5 F I S S I O N E X P T - P R O G NOG U S N D C - 1 1 1 4 7 6 7 4 L A S S M I T H * 

u 2 3 5 F I S S I O N E X P T - P R O G 3 0 * 6 2 0 * 7 U S N O C - 1 1 1 3 1 6 7 4 L R L C H I R R * G R P H , 

u 2 3 5 F I S S I O N E X P T - P R O G * 6 U S N D C - 1 1 1 6 2 6 7 4 MHG G I L L U M * 

u 2 3 5 F I S S I O N E X P T - P R O G * 5 U S N O C - 1 1 1 6 2 6 7 4 MHG K N O L L * 

U 2 3 5 F N E U T D E L A Y E X P T - P R O G T H R 1 4 * 7 U S N D C - 1 1 1 5 5 6 7 4 L A S E V A N S * T B L . G H P H S , 

u 2 3 8 D I F F E L A S T I C E X P T - P R O G 7 5 * 6 1 4 * 7 U S N D C - 1 1 2 6 7 6 7 4 ABO B U C H E R * 

u 2 3 8 S C A T T E R I N G E X P T - P R O G NOG U S N D C - 1 1 2 5 6 7 4 A N L S M I T H * 

u 2 3 8 N» GAMMA E X P T - P R O G 1 4 * 7 U S N O C - 1 1 1 5 1 6 7 4 L A S A R T H U R * 

U 2 3 8 F I S S I O N E X P T - P R O G N D G U S N D C - 1 1 3 1 6 7 4 A N L W O L F * S T U D Y U - 2 3 8 - M E T A S T A B L E , G R P H 

u 2 3 8 F I S S I O N E X P T - P R O G NOG U S N D C - 1 1 1 3 6 6 7 4 L R L B E H R E H S * 

u 2 3 9 N . GAMMA E X P T - P R O G NOG U S N D C - 1 1 1 6 9 6 7 4 N B S B O W M A N * G T R A N S I N 2 N D W E L L 

MP 2 3 9 E V A L U A T I O N E V A L - P R O G NDG U S N D C - 1 1 3 6 7 4 A N C H E L M E R * H L | G E N G Y S P E C T , G I N T , T B L S 

P U 2 3 9 F I S S I O N E X P T - P R O G N D G U S N D C - 1 1 1 2 1 6 7 4 I R T V E R B I N S K I * T B L S . 

P U 2 3 9 F I S S I O N E X P T - P R O G NDG U S N D C - 1 1 1 3 6 6 7 4 L R L B E H R E N S * 

P U 2 3 9 F I S S I O N E X P T - P R O G * 6 U S N D C - 1 1 1 6 3 6 7 4 MHG K N O L L * 

P U 2 4 2 N , GAMMA E X P T - P R O G • 3 U S N D C - 1 1 2 2 0 6 7 4 R P I S A N I S L O * 

P U 2 4 3 N . GAMMA F X P T - P R O G 2 6 - 1 U S N D C - 1 1 1 6 6 7 4 A N L C A S T E N * E - L V L S T U D Y W I T H P U - 2 4 2 ( N G ) 

AH 2 4 3 T O T A L X S E C T E X P T - P R O G 5 0 - 2 1 0 * 3 U S N D C - 1 1 1 9 3 6 7 4 O R L S I M P S O N * 

CM 2 4 B T O T A L X S E C T E X P T - P R O G 5 0 - 2 3 0 * 3 U S N D C - 1 1 1 9 3 6 7 4 O R L B E N J A M I N * 

CF 2 5 2 S P E C T F 1 S S N E X P T - P R O G NDG U S N D C - 1 1 1 3 9 6 7 4 L R L B R O W N E * N - S P E C T F R O M S P O N T F J S S . G R P H 

cr 2 5 2 N U ) N U B A R E X P T - P R O G N D G U S N O C - 1 1 1 6 4 6 7 4 MHG TO BE D O N E , 

CF 2 5 4 N E U T F . M I S S N E X P T - P R O G N D G U S N O C - 1 1 3 1 6 7 4 A N L F L Y N N * S P O N T F J S S F R A G M A S S D I S T , 



1 5 - A S - 7 4 PAGE 7 

ELEMENT QUANTITY TYPE ENERGY DOCUMENTATION LAB COMMENTS 
S A M I N MAX REF VOL PAGE DATE 

FM 2 5 7 F I S S I O N E X P T - P R O G NDG U S N D C - 1 1 3 1 6 7 4 ANL F L Y N N * N - F I S S PRAG MASS O J S T , 

MANY EVALUATION E V A L - P R O G NDG U S N D C - 1 1 3 6 7 4 ANC HEATH'.' NG SPECT L I B R A R Y 3 0 0 NUCLDS 

MANY EVALUATION E V A L - P R O G NDG U S N O C - 1 1 1 6 7 4 ANC R E I C H * 1 9 9 NUciJDSiDECAYS • NF TBLS 

MANY SCATTERING E X P T - P R O G 1 1 * 7 U S N D C - 1 1 2 0 9 6 7 4 OHO C A R L S o N * T A R G E T S « M G - B I , M O , S N . P B 





1 

NATIONAL REACTOR TESTING STATION, AEROJET NUCLEAR COMPANY 
IDAHO FALLS, IDAHO 

A. NUCLEAR DECAY DATA COMPILATION AND EVALUATION EFFORTS 

1. Nuclide Decay Data for ENDF/B-IV (Reich, Helmer, Putnam) 

The compilation of data on the decay properties of radioactive 
nuclides for Version IV of the Evaluated Nuclear Data File (ENDF/B) is 
continuing. At the present time, experimental decay data on 199 radio-
active nuclides have been prepared for inclusion in this f i l e . 

Of these, 181 nuclides are fission products and are "priority" 
nuclides for summation-type calculations of the decay-heat source term 
in reactor cores. Their data wil l be included as one of the subsets of 
nuclear data in the Fission-Product File of ENDF/B-IV. The remaining 
19 nuclides - 3H, 1 8 7 Re and selected actinides - wil l be incorporated 
into the General-Purpose File of ENDF/B-IV. 

A l i s t of these 199 nuclides is given in Table A - l . 

The nuclides are arranged on the f i l e in order of increasing 
atomic number (Z). For a given Z-value, the nuclides are arranged in 
order of increasing mass number (A). Isomers (arbitrarily restricted to 
excited states with half - l ives ^ ,0 .1 sec.) are treated as separate cases 
and appear on the f i l e immediately following their associated ground 
state (when these latter are radioactive). In addition to Z, the chemi-
cal symbol, A and an "isomer tag", the following information is given 
for each nuclide. A number of comment cards are included which give 
references from which the listed data were taken together with relevant 
remarks concerning specific aspects of the data and/or how they were 
treated. The h a l f - l i f e , i ts uncertainty and the various decay modes of 
the nuclide are given. These decay modes presently include 3~, 3+ and/or 
electron-capture, isomeric-transition, alpha-particle, delayed-neutron 
and spontaneous fission. For each such mode, the associated branching 
ratio and i ts uncertainty as well as the available decay energy (where 
defined) and i t s uncertainty are l isted. For each radiation type, the 
energies and intensities (and their uncertainties) of the individual 
transitions are given, together with a normalization factor to convert 
relative intensities to absolute intensities. In addition, intensity-
weighted average energies and their uncertainties are included for , 
y and a transitions. For the individual y-ray transitions, provision is 
made for inclusion of their total internal-conversion coefficients and 
uncertainties. 



1 TABLE A-l 
List of nuclides (as of March, 1974) for which decay data have been prepared 
for inclusion in ENDF/B-IV. 

# Z A # Z A # Z A 

1 1 H- 3 
4 33 AS- 81 
7 34 SE- 83 

10 35 BR- 84 
13 35 BR- 86 
16 36 KR- 85 M 
19 36 KR- 89 
22 36 KR- 92 
25 37 RB- 90 
28 37 RB- 92 
31 38 SR- 91 
34 38 SR- 94 
37 39 Y- 91 
40 39 Y- 93 
43 39 Y- 97 
46 40 ZR- 99 
49 41 NB- 97 
52 41 NB- 98M 
55 41 NB-100 
58 42 MO-101 
61 43 r c - i o i 
64 43 TC-103 
67 44 RU-103 
70 44 RU-107 
73 45 RH-104 
76 45 RH-105M 
79 45 RH-107 
82 45 RH-110 
85 46 PD-109M 
88 47 AG-109M 
91 47 AG-I12 
94 49 IN-120 
97 50 SN-125M 

100 50 SN-128 
103 51 SB-127 
106 51 SB-129 
109 51 SB-131 
112 51 SB-133 
115 52 TE-125M 
118 52 TE-129M 
121 52 TE-132 
124 52 TE-134 
127 53 1-133 
130 53 1-135 
133 54 XE-131M 
136 54 XE-135 
139 54 XE-138 
142 55 CS-134M 
145 55 OS-138 
148 55 CS-140 
151 56 BA-140 
154 57 LA-140 
157 58 CE-141 
160 58 CE-145 
163 59 PR—144 
166 59 PR-146 
169 59 PR-149 
172 60 ND-151 
175 61 PM-148M 
178 61 PM-152 
181 62 SM-153 
184 90 TH-232 
187 92 U-234 
190 92 U-238 
193 94 PU-239 
196 94 PU-242 
199 96 CM-244 

2 32 GE- 79 
5 33 AS- 82 
8 34 SE- 83M 

11 35 BR- 84M 
14 35 BR- 87 
17 36 KR- 87 
20 36 KR- 90 
23 37 RB- 88 
26 37 RB- 90N 
29 38 SR- 89 
32 38 SR- 92 
35 39 Y- 90 
38 39 Y- 91M 
41 39 Y- 94 
44 40 ZR- 95 
47 41 NB- 95 
50 41 NB- 97M 
53 41 NB- 99 
56 41 NB-101 
59 42 M0-102 
62 43 TC-102 
65 43 TC-104 
68 44 RU-105 
71 44 RU-108 
74 45 RH-104M 
77 45 RH-106 
80 45 RH-108 
83 45 RH-110M 
86 46 PO-111 
89 47 AG-ILL 
92 49 IN-118 
95 49 IN-120M 
98 50 SN-127 

101 50 SN-132 
104 51 SB-I28 
107 51 SB-133 
110 51 SB-132 
113 51 SB-134 
116 52 TE-127 
119 52 TE-131 
122 52 TE-133 
125 53 1-131 
128 53 1-134 
131 53 1-136 
134 54 XE-133 
137 54 XE-135M 
140 54 XE-139 
143 55 CS-136 
146 55 CS-138M 
149 56 BA-137M 
152 56 BA-141 
155 57 LA-141 
158 58 CE-143 
161 58 CE-146 
164 59 PR-144M 
167 59 PR-147 
170 60 NO-147 
173 61 P M M 4 7 
176 61 PM—149 
179 61 PH-152M 
182 63 EU-156 
185 91 PA—233 
188 92 U-235 
191 90 NP-237 
194 94 PU—240 
197 95 AM-241 

3 33 AS- 80 
6 33 AS- 82M 
9 34 SE- 84 

12 35 BR- 85 
15 36 KR- 85 
18 36 K*- 88 
21 36 KR- 91 
24 37 RB- 89 
27 37 RB- 91 
30 38 SR- 90 
33 38 SR- 93 
36 39 Y- 90M 
39 39 Y- 92 
42 39 Y- 95 
45 40 ZR- 97 
48 41 NB- 95H 
51 41 NB- 98 
54 41 NB- 99M 
57 42 M3- 99 
60 43 TC- 99M 
63 43 TC-102M 
66 43 TC-105 
69 44 RU-106 
72 45 RH-103M 
75 45 RH-105 
78 45 RH-106M 
81 45 RH-108M 
84 46 PD-109 
87 46 P 0 - 1 U N 
90 47 AG-111M 
93 49 IN-118M 
96 50 SN-125 
99 50 SN-127M 

102 51 SB-125 
105 51 SB-128M 
108 51 SB-130M 
111 51 SB-132M 
114 51 SB-134M 
117 52 TE-129 
120 52 TE-131M 
123 52 TE-133M 
126 53 1-132 
129 53 I-134M 
132 53 1-136M 
135 54 XE-133M 
138 54 XE—137 
141 55 CS-134 
144 55 CS-137 
147 55 CS-139 
150 56 BA-139 
153 56 BA- 142 
156 57 LA-142 
159 58 CE-144 
162 59 PI-143 
165 59 PR-145 
168 59 PR—148 
171 60 NO-149 
174 61 PM- 148 
177 61 PM-151 
180 61 PN-153 
183 75 RE-187 
186 92 U-233 
189 92 U-236 
192 94 PU-238 
195 94 PU-241 
198 95 AH-243 
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The format in which these data are prepared and stored on mag-
netic tape at our laboratory is not that in which they appear in ENDF/B 
but rather is one which is more readily interpretable by nuclear 
physicists. (A program to convert these data from our format to that of 
ENDF/B has been written by personnel of the National Neutron Cross-Section 
Center at BNL.) A detailed discussion of our format and of the data 
content of the f i l e is given elsewhere. 

2. The Gamma-Ray Spectrum Catalogue - A User Data File (R. L. Heath) 

The Gamma-Ray Spectrum Catalogue has been a continuing effort at 
the National Reactor Testing Station for many years. The purpose of this 
effort is to provide a collection of experimental X-ray and gamma-ray 
spectra for general laboratory use in the analysis of data obtained with 
laboratory gamma-ray spectrometers. 

A new edition of the Gamma-Ray Spectrum Catalogue has recently 
been issued. The second volume of this edition which has been released 
is devoted to the presentation of experimental pulse-amplitude spectra 
obtained with Ge(Li) and Si(Li) spectrometers. As in the previous 
edition (IDO-I688O) issued in 1964, this edition presents experimental 
spectra for over 300 individual radionuclides. The application of high-
resolution gamma-ray spectrometry for quantitative isotopic analysis 
requires a precise knowledge of the energies and intensities of major 
gamma rays emitted in the decay of a given isotope. For this reason the 
catalogue effort has included the development of techniques for the 
measurement of energies and intensities using Ge(Li) spectrometry. The 
data presented for each nuclide includes tabulated experimental values 
for gamma-ray energies and intensities with associated experimental 
error. A brief description of experimental methods and equipment employed 
to obtain these data is presented together with tables of measured values 
of gamma rays adopted for energy calibration of the gamma-ray spectrometers 
used to obtain these data. 

3. Evaluation of Decay-Scheme Data (R. G. Helmer, R. C. Greenwood) 

A re-evaluation of selected decay data for several isotopes has 
been carried out. The isotopes involved include a number which are of 
interest for neutron dosimetry purposes as well as a number of fission 
products. 

For reaction-rate determinations using gamma-ray spectroscopy, 
the parameters needed are the half - l ives and the absolute gamma-ray 

1 C. W. Reich, R. G. Helmer and M. H. Putnam, U.S. Atomic Energy 
Commission Report ANCR-1157 (in preparation). 
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intensities. The uncertainties in these parameters have also been evalu-
ated. The literature surveyed in these evaluations generally include 
that available up to about April 1973. 

The evaluated decay parameters for fourteen isotopes produced by 
(n,y), (n,p) or(n,n') reactions are given in Table A-2. A similar set 
of data for ten fission-product isotopes is given in Table A-3. 

B. NUCLEAR-STRUCTURE STUDIES 

1. Energy Levels of 155Gd and 157Gd Populated by the (n,y) Reaction 
Using 24.5 keV Neutrons' (Greenwood, Reich, Chrien*, Rimawi*) 

The nuclei 155Gd and 157Gd have been extensively investigated 
using charged-particle reactions and nuclear-decay studies. While these 
studies have provided valuable insights into the structure of these 
nuclei, there are s t i l l serious gaps in our knowledge. Neutron capture 
y-ray studies can provide much additional interesting information about 
the energy-level structure of these nuclei, particularly regarding the 
distribution and location of states having spins of 1/2 and 3 /2 . Because 
of the very large thermal-neutron capture cross sections of the neigh-
boring isotopes 155Gd and 157Gd and the fact that most (n,y) reaction 
studies are carried out using thermal neutrons, l i t t l e such data presently 
exist , primarily because of the lack of isotopically enriched samples of 
sufficiently high isotopic purity. The only information currently avail-
able is that for the 156Gd(n,y) reaction.^ In view of the experimental 
dif f icult ies associated with the studies of these nuclides by thermal-
neutron capture, we have undertaken a series of experiments using a 
24.5-keV neutron beam obtained through the iron-aluminum-sulfur f i l t e r 
on the HFBR.2 An additional advantage of using this filtered neutron 
beam results from i ts f inite neutron energy width (^ 2 keV). In con-
sequence, the resultant 151+Gd(n,y) and 155Gd(n,y) spectra represent an 
average over ^ 130 and ^ 42 resonances, respectively, which gives a 
reasonable "averaging out" of the statist ical fluctuations in the partial 
radiation widths ( i . e . , primary capture y-ray intensities). Consequently, 
a significant population of a l l final states with spins of 1/2 and 3/2 
occurs, with those states of negative parity being more strongly populated 
by primary transitions i f s-wave capture predominates. Somewhat sur-
prisingly, in view of the fact that the s-waVe strength function is at a 
maximum and the p-wave strength function is at a minimum in this mass 
region, we find that the p-wave contribution to the capture y-ray spectrum 

Brookhaven National Laboratory 

L. V. Groshev, A. M. Demidov and L. L. Sokolovskii, Bull. Acad. Sci. 
USSR, Phys. Ser., 35, 1497 (1972). 

2 R. E. Chrien, 0. A. Wasson and R. C. Greenwood, to be published. 
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TABLE A-2 

RECOMMENDED NUCLEAR DECAY DATA FOR NON-FISSION NUCLEI 

Isotope Half-Life 
Gamma-Ray 

Energy (keV) 
Gamma-Ray Intensity 

(%) 

24Na 15.00(2) h 1368.60(3) 
2753.98(10) 

99.993(2) 
99.84(3) 

2 7 M g 9.46(2) m 843.73(4) 
1014.44(5) 

71.4(5) ) 
28 .6 (5 ) } s u m = 99.964(4) 

83.85(10) d 889.258(18) 
1120.516(25) 

99.984(6) 
99.987(6) 

" 7 Sc 3.39(4) d 159.39(5) 69.0(25) 

1+8Sc 43.8(1) h 983.4(2) 
1037.4(2) 
1311.8(4) 

99.987(2) 
97 .5 (3 ) 
99.992(2) 

5 1 +Mn 312.6(3) d 834.827(21) 99.97(2) 

5 8 C o 71.23(15) d 810.757(21) 99.44(5) 
5 9 F e 44.6(1) d 1099.224(25) 

1291.564(28) 
55.5(17) ) 
44.1(12) / s u m = 99 .6 (1 ) 

5 0 C o 5.268(5) y 1173.208(25) 
1332.464(30) 

99.86(2) 
99.986(2) 

6 1 +
Cu 12.701(7) h 511.002a 36.8(16) b 

1 1 5 m I n 4.50(2) h 336.2(1) 47 . (2 ) 

1 1 6 m I n 54.03(20) m 1293.4(3) 
2112.1(4) 

83.4(15) ) 
16.5(15) f SUm = 99.94(1) 

^Sau 2.696(2) d 411.794(8) 95.48(10) 

2 3 9 N p 2.355(4) d 228.19(1) 
277.60(3) 

12.0(4) 
15.2(5) 

The e f f e c t i v e energy of th is peak may be lower than this due to e l e c -
tron binding e f f e c t s and the f i n i t e width of the annihi lat ion radiat ion 
energy d i s t r i b u t i o n . 

k This intens i ty assumes conversion of a l l pos i trons to photon pa i r s . 
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TABLE A-2 

RECOMMENDED NUCLEAR DECAY DATA FOR FISSION PRODUCT NUCLEI 

Isotope Hal f -L i fe 

9 5 Zr 64.4(5) d 

Gamma-Ray 
Energy (keV) 

724.184(18) 
756.715(19) 

Gamma-Ray Intensity 
(%) 

44 .2(5)\ OQ 
54.8(5) / S u m = " - 0 ( 5 ) 

10 3 R u 39.43(10) d 497 .08(1) 89.(3) 

1 3 2 T e 77.9(5) h 228 .16(6) 88.5(60) 

1 3 7Cs 30.03(15) y 661 .638(19) 85.0(3) 

11+0Ba 12.79(1) da 

11+0La 40.26(2) ha 1596 .18(5) 95.33(16) 

11+l+Ce 284.4(4) d 133 .53(3) 10.7(4) 

17.28(5) m 696 .492(19) 1.49(15) 
2185.608(46) 0.77(4) 

a The rat io Tu(Ba) / [Tjs(Ba)-T}s(La) ] , which i s also the rat io of the 
11+0La to ltt(fBa a c t i v i t i e s at equilibrium, i s therefore 1.15096(12). 
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i s comparable to that from s-wave capture. This feature of the react ion 
complicates the analys is , in that i t makes unambiguous parity assignments 
f o r the f i n a l states d i f f i c u l t to achieve on the basis of primary y-ray 
intens i ty considerations alone. However, this ampl i f i cat ion of the 
primary t rans i t i ons to the p o s i t i v e - p a r i t y s tates (as compared to the 
case of only s-wave capture) allows with reasonable certainty the 
observation of a l l the l / 2 + and 3/2+ s t a t e s , as we l l as those with 
177 = 5 / 2 + . Hence, in these spectra a l l f i n a l states with I77 of 1 / 2 " , l / 2 + 

3 / 2 " , 3 /2 + and 5 /2 + are strongly populated. In order to discriminate 
between f i n a l s tates with p o s i t i v e and negative p a r i t y , addit ional 
experiments are in progress to measure averaged 151+Gd(n,y) and 1 5 6Gd(n,y) 
spectra using lower energy neutrons (obtained by transmission through a 
thick 10B f i l t e r ) , in which the p-wave capture component i s expected to 
be much suppressed with respect to that from s-wave capture. 

2. Decay of 172Tm: The Mixing of K̂ +O"1" and 2+ Bands in 1 7 2Yb* 
(C. W. Reich, R. C. Greenwood and R. A. Lokken**) 

The l e v e l scheme of 172Yb has been studied from the decay of 
63.6-h 172Tm. Gamma-ray energy and intens i ty measurements were made 
using Ge(Li) spectrometers. Forty-e ight y-ray t rans i t i ons , nine of them 
previously unreported, are observed. A l l of these have been i n c o r -
porated into a *72Yb l e v e l scheme cons is t ing of 16 exc i ted s tates as 
shown in Fig . B - l . The previously reported "1119-keV" y ray i s shown 
to be a doublet , with one member de -exc i t ing the I,K7T=2,0+ s tate at 
1117.8 keV and the other de -exc i t ing the 1 , ^ = 2 , 1 " o c tupo le -v ibrat iona l 
s tate at 1198.5 keV. This observation, together with that of the addi -
t i ona l y-ray t rans i t i ons , provides further information on the de -exc i ta t i on 
of the 172Yb l e v e l s . Attention i s focused on the propert ies of the exc i ted 
K7T=0+ bands at 1042 and 1404 keV and the 1^=2+ bands at 1465 and 1608 keV. 
A phenomenological 5-band mixing analysis of the y-ray branching-rat io 
data, involving these 4 bands and the ground-state band, has been carried 
out. Results of this analysis are presented f o r two d i f f e r e n t assumptions 
concerning the signs of certain of the matrix elements coupling the 
exc i ted bands. Addit ional measurements which could help in choosing 
between these two a l ternat ives are ind icated . Interest ing s i m i l a r i t i e s 
in some of the propert ies of the two exc i ted 2+ bands are pointed out ; 
and a qua l i ta t i ve explanation of these s i m i l a r i t i e s i s given in terms of 
the Nilsson l e v e l diagram relevant to 1 7 2 Yb. 

Accepted f o r pub l i cat ion in Nuclear Physics A. 
•k* 

Present address: University of Wisconsin - Stevens Po int , 
Stevens Point , Wisconsin 54481, USA. 
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Fig . B - l . Proposed decay scheme of 172Tm. The brackets at the r ight ind icate the 
grouping of s ta tes into ro ta t i ona l bands. 
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3. Level Structure o f from the Decay o f 18k%-Re and 18hmRe* 

(McMillan**, Greenwood, Reich , Helmer) ~ 

The l e v e l scheme of 181*W has been s tudied from the decay o f 38-d 
181+SRe and 165-d 181+mRe. Gamma-ray energy and i n t e n s i t y measurements 
were made using Ge(Li) and S i ( L i ) d e t e c t o r s ; and c o n v e r s i o n - e l e c t r o n 
measurements were made using an i r o n - f r e e IT doub le - f o cus ing s p e c -
trometer . From these data and ex tens ive y -y co inc idence measurements, 
decay schemes f o r both 101+Re a c t i v i t i e s have been proposed which i n c o r -
porate a l l 42 of the observed y -ray t r a n s i t i o n s . Unique spin and par i ty 
assignments have been made f o r a l l the energy l e v e l s observed. Deta i l ed 
i n t e n s i t y - b a l a n c e cons iderat ions f o r each energy l e v e l have l ed to 
improved e l e c t r o n - c a p t u r e branching r a t i o s and l og f!t_ v a l u e s . In a d d i -
t i o n t o the prev ious ly known features o f the 18 l tRe decay schemes, i t has 
been es tab l i shed that l e v e l s at 1424 and 1431 keV in 1 8 W are weakly 
populated and that t h e i r I71 assignments are 3 + and 

r e s p e c t i v e l y . 
The 1130-keV l e v e l has been shown to have I1T=2~. A l s o , the 4+-*2+ t r a n -
s i t i o n wi th in the y - v i b r a t i o n a l band has been observed, which enables an 
estimate o f the r e l a t i v e magnitudes o f the i n t r i n s i c quadrupole moments 
o f Y - v i b r a t i o n a l and ground-state bands to be made. Within the e x p e r i -
mental u n c e r t a i n t i e s invo lved 10%) , these two moments are equal . A 
one-parameter analys is o f the E2 t r a n s i t i o n p r o b a b i l i t i e s between these 
two bands g ives Zy = +0.0408 ± 0 .0041. Absolute t r a n s i t i o n p r o b a b i l i t i e s 
are obtained and discussed f o r the y rays d e - e x c i t i n g the 1 , ^ = 3 , 2 " s t a t e 
at 1221 keV and the 1 , ^ = 5 , 5 " i someric s t a t e at 1284 keV. Evidence f o r 
mixing of 1^=2- and 3~ e x c i t a t i o n s in the 5~ i somer ic s t a t e i s presented ; 
and a formalism f o r t rea t ing such admistures, o f both c o l l e c t i v e and 
t w o - q u a s i p a r t i c l e charac ter , i s developed and a p p l i e d . A c l o s e s i m i l a r i t y 
of the M4 y decay o f 18i+mRe to that o f the 10" i somer ic s t a t e in 1 8 2 Ta 
i s noted . 

4 . Level Structure o f 181tW from the 1 8 3 W(n,y ) Reaction^ 
(R. C. Greenwood, C. W. Reich) 

The l e v e l s t ruc ture of 18i+W has been studied from the prompt y 
rays emitted f o l l o w i n g the capture o f both thermal and 2-keV neutrons by 
1 8 3W. Energies and i n t e n s i t i e s were measured f o r both the primary and 
the secondary ( low-energy) prompt y rays . From these data , a l e v e l scheme 
i s proposed f o r 181+W in which a l l the I =0 + , 1 + and 2 + s t a t e s below 
^ 2 . 0 MeV are observed. Where p o s s i b l e , ro tat iona l -band assignments have 

* 
To appear i n Nuclear Physics A. 

* * 

U.S. Atomic Energy Commission P o s t - d o c t o r a l Fellow 1969-70. Present 
address : Univers i ty of Wisconsin - Stevens P o i n t , Stevens P o i n t , 
Wisconsin 54481, USA. 

To appear in Nuclear Physics A. 
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been made to these and other l e v e l s . In addit ion to the previously known 
features of the 181tW l e v e l s , the 1130-keV s ta te i s establ ished as the band 
head of a K7r=2~ octupole v ib ra t i on . K1T= 0+ and 2+ bands are establ ished 
at 1322 and 1386 keV, r e s p e c t i v e l y , with the I7r=2+ s tates (at 1431 and 
1386 keV) having a mutual admixture of ^ 12%. In the energy region 
above 1.5 MeV, the f o l l owing bands and band-head energies are i d e n t i f i e d : 
K i r - l + f 1613 keV; 0 = 0 + , 1614 keV; K*«l+ f 1713 keV; K^=2+, 1877 keV. The 
neutron binding energy in 181+W has been determined to be 7411.1 ± 0.6 keV. 
The band structure of the 1613-keV (1 + ) and 1614-keV (0^) bands i s ob-
served to be strongly d i s t o r t e d , the observed A(E "fc2/23) values being 

3.6 keV and ^ 32 keV, r e spec t i ve ly . This strong d i s t o r t i o n i s shown 
to be explainable in terms of C o r i o l i s coupling of reasonable strength 
between the two bands. A s imi lar explanation i s shown to account f o r 
the somewhat l e s s anomalous A-values (22.8 keV and 14.0 keV, respec -
t i v e l y ) of the 2+ band at 1386 keV and the 3+ band at 1425 keV. The 
resul ts of a phenomenological f ive-band mixing analysis involving the 

and 2+ bands below ^ 1 . 5 MeV are presented and discussed. These 
ca l cu lat ions i n d i c a t e , among other things , that the d i r e c t E2 matrix 
element connecting the 1322-keV, Kir=0+ band and the ground-state band i s 
qui te small , poss ib ly zero . They a lso ind icate that a nonzero E2 matrix 
element ex i s t s between this exc i ted K7T=0+ band and the y - v i b r a t i o n a l 
band and that the magnitude of th is element i s comparable with that 
between the y - v i b r a t i o n a l and ground-state bands. Arguments favoring 
and apparently re fut ing the interpretat ion of the 1322-keV, 0 + band as 
a "two-phonon y - v i b r a t i o n " are presented. 

5. H a l f - L i f e o f 1 7 8 m 2Hf and I t s Neutron Capture Production* 
(R. G. Helmer, C. W. Reich) 

The existence of a l ong - l i ved high-spin isomeric s tate at ^ 
>2.43 MeV in 1 7 8Hf and a study of i t s decay have been reported prev ious ly . 
From i t s observed mode of decay, this isomer was assigned 1 , ^ = 1 6 , 1 6 + and 
was presumed to be the f our -quas ipar t i c l e s tate b u i l t from the two lower-
lying 1 , ^ = 8 , 8 " s ta tes observed at 1148 and 1480 keV in 1 7 8 Hf . The p r o -
duction of th is isomeric state by thermal-neutron capture i s i t s e l f of 
some i n t e r e s t , s ince i t s spin i s 12 or more units greater than that of 
the capturing s t a t e . This cross s e c t i o n , together with those from (n ,y ) 
data f o r lower-spin s tates in 1 7 8 H f , should provide a good tes t of models 
used to pred i c t c r o s s - s e c t i o n rat ios in (n ,y) reac t ions . 

The h a l f - l i f e of this isomeric s tate has now been measured and 
found to be 31 ± 1 y . Based on this value, the cross sec t ion f o r the 

* Published in Nuclear Physics A211, 1 (1973). 

1 R. G. Helmer and C. W. Reich, Nuclear Physics A114, 649 (1968). 
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production of th is isomer in a thermal-reactor neutron spectrum has been 
measured to be (2 ± 1) x 10 - 7 b . The computation of this value assumes 
that the burn-up cross sec t i on of the isomeric s tate i s < 20 b , an 
assumption which i s supported by the experimental data. 

C. INTEGRAL CROSS SECTION MEASUREMENTS (Y. D. Harker) 

As a part of our continuing e f f o r t to measure integra l cross sec t ion 
values f o r the o v e r a l l LMFBR development program, react ion rates and 
r e a c t i v i t y worths have been measured in the Coupled Fast React iv i ty 
Measurement F a c i l i t y (CFRMF) f o r the react ions and materials l i s t e d in 
Tables C - l and C-2, r e s p e c t i v e l y . 

Our primary emphasis has been and remains to be react ion rate and 
r e a c t i v i t y measurements on f i s s i o n product nucl ides with secondary 
emphasis on f i s s i o n rates and dosimetry re lated react ion rates . With 
regard to the l a t t e r two, we are par t i c ipa t ing in the Interlaboratory 
LMFBR Reaction Rate program which was establ ished f o r the purpose of 
improving f a s t - r e a c t o r dosimetry methods. The CFRMF i s being establ ished 
as a standard neutron f i e l d in this program and the resu l ts from our 
integra l measurements w i l l be used to t e s t the f i s s i on -produc t and 
dosimetry f i l e s in ENDF/B. 

In an e f f o r t to accurately character ize the CFRMF neutron environment, 
spectrum measurements using L i -6 coated semi-conductor diodes are being 
implemented. These measurements w i l l complement e a r l i e r p r o t o n - r e c o i l 
spectrum measurements by providing spectrum data f o r the neutron energy 
range from .5 MeV to 5 MeV. 

In the future , cross sec t i on measurements w i l l be completed on trans-
plutonium nucl ides as we l l as continued on f i s s i on -produc t nuc l ides . The 
p r i o r i t i e s f o r the trans-plutonium work w i l l be establ ished by data 
requirements f o r predic t ing production rates of spontaneous neutron 
sources in f a s t reactor f u e l s . 

TABLE C- l 
INTEGRAL CAPTURE CROSS SECTIONS IN CFRMF 

a (barns) 
0.143 
0.005 
0.070 
0.0105 
0.003 

Reaction 
1 0 8 Pd(n,y) 1 0 9 Pd(t j 5 =13.46 h) 
1 1 0 Pd(n ,Y ) l l l m Pd( t j 5 =5 .5 h) 
l t f 6Nd(n,y) l t + 7Nd(t1 =10,98 d) 

5 0 C r ( n , y ) 5 1 C r ( t j =27.7 d) 
•n 

6 1 + Ni(n ,y ) 6 5 Ni(t 1 =2.5 h) 
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TABLE C-2 

REACTIVITY WORTHS IN CFRMF 

Material Reactivity/gram 

1,+ 3Nd203 - . 1 8 7 (± 5%) 

ll+I+Nd203 - . 1 4 8 (± 5%) 

1 4 5Nd 20 3 - . 2 7 5 (± 5%) 

l t+8Nd203 - . 1 8 2 (± 5%) 

150Nd2O3 - . 1 6 2 (± 5%) 

1 0 9Ag - . 3 4 8 (± 3%) 

D. DISCREPANCIES BETWEEN MEASUREMENTS OF v AND n BY THE MANGANESE 
BATH METHOD (J . R. Smith) 

A deta i led comparison, was made of the correct ions used in the MTR 
manganese bath n measurements and the corresponding quantit ies extracted 
from the Bett is Monte Carlo ca l cu la t i on of the 2 3 3 u 

experiment. The 
fas t e f f e c t could not be extracted from the Monte Carlo output in a form 
that could be compared with the o r i g i n a l correct ions used. The other 
correc t i ons agreed within 0.1% except in two cases . The Bet t i s ca l cu -
l a t i o n predicted ^ 0.3% less absorption in the aluminum sample holder 
than was measured and 0.22% l e s s l o ss of high-energy neutrons to oxygen 
and s u l f u r . The Bet t i s ca l cu la t i on may be more r e l i a b l e in the l a t t e r 
case s ince i t used more recent oxygen cross se c t i ons . However, i t 
underpredicts the aluminum absorption s ince i t assumed the presence of 
pure aluminum. The most absorptive part of the sample holder was made 
of 6061 aluminum. The overa l l e f f e c t of this comparison i s to suggest 
that the MTR n values could be lowered by 0 .2 or 0.3%. This i s within 
the claimed accuracy of the experiment and i s not enough to account f o r 
the discrepancies between the v and n values . 

An experiment i s being prepared to measure, as a funct ion of man-
ganese concentrat ion, the 56Mn a c t i v i t y induced in a manganese bath by 
a low-energy neutron beam. This experiment has three purposes. The 
f i r s t i s to determine how stra ight i s the curve of the rec iproca l of 
induced a c t i v i t y vs . the hydrogen-to-manganese number r a t i o . The second 
i s to invest igate the accuracy of source measurement to be achieved by 
this technique. The third i s to measure the ra t i o of the thermal 
absorption cross sect ions of hydrogen and manganese. 
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In the manganese bath measurements of v f o r 2 5 2 C f , neutron source 
strengths were determined from the intercept of a l inear curve p l o t t i n g 
the r e c i p r o c a l of manganese bath a c t i v i t y against the hydrogen-to-manganese 
r a t i o . This method i s claimed to be independent of the hydrogen-to-
manganese c r o s s - s e c t i o n r a t i o . The l a t t e r r a t i o can be determined from 
the s lope of the a c t i v i t y curve. I t i s curious that , although Axton and 
de Volpi agree in values f o r v f o r 2 5 2 Cf and claim accuracies b e t t e r than 
0.5% f o r these measurements, the i r values f o r the hydrogen-to-manganese 
c r o s s - s e c t i o n r a t i o d i f f e r by 1.4%. The proposed experiment w i l l inves -
t i ga te the systematics of the source measurements, f r e e from the compli -
cat ions of c o r rec t i ons appl i cable to higher-energy neutrons. 
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ARGONNE NATIONAL LABORATORY 

A . CHARGED PARTICLE REACTIONS 

1. Reactions Relevant to Controlled Thermonuclear Research 

a. Measurement of Charged Particle Cross Sections for 
6 L i and 7 L i (C. R. McClenahan and R. E. Segel) 

The total cross sections have been measured for five 
reactions involving charged particles bombarding Lithium. These 
reactions are 7 L i ( d , p ) 8 L i , 6Li( 3 H e , n ) 8 B , 6 Li(d , a) 4He, 6 Li(d ,p) 7 Li 
and ^Li(d,n)7Be; all have potential applications in controlled thermo-
nuclear reactions. Table A - l shows the reactions studied together 
with the priority assigned by J. R. McNally, the Q value or threshold, 
the energy range requested by McNally, and the energy range we have 
studied. The results and a description of the experiment are given in 
the Argonne Report, ANL-8088 . 

c n 
b. The °Li(d,n) Be Reaction at Low Energies (A. J. Elwyn, 

R. E . Holland, F . J. Lynch, F . P. Mooring, and L . 
Meyer-Schutzmeister) 

A s the initial part of a program to determine absolute 
cross sections for charged-particle induced reactions on light nuclei, 
we have studied the ^Li(d,n) 7 B e and ^Li(d,n^He) 4 He reactions at 
deuteron energies between 0 .27 and 0. 8 MeV. The pulsed and bunched 
beam from the Dynamitron accelerator has been utilized along with 
time-of-f l ight techniques and stilbene scintillation detectors to measure 
the angular distributions of the outgoing neutrons in the reactions. 
Thin evaporated ^LiF targets on thick Ta backings have proved to be 
uniform and stable over long periods of t ime, and could be used in 
these measurements since the number of neutrons from the 1 9 F(d,n) 
reaction are negligibly small at energies below 1 MeV. A technique 
for the determination of the target thickness by deuteron scattering 
from a thin layer of Au evaporated over the ^LiF has been developed, 
and serves furthermore to monitor the physical condition of the target 
during the experiment. An independent measurement of the ^Li(d,n) 7Be 
cross section based on an activation technique is also being developed. 



TABLE A - l . The reactions studied and reported in the present work. 

REACTION PRIORITY9" Q OR THRESHOLD ENERGY RANGE3, 

REQUESTED 
ENERGY RANGE 

STUDIED 

7 8 Li(d,p) Li 4 
E th = 248 keV < 1 5 MeV 280 k e V - 3 . 8 MeV 

£ O Q 
Li( He, n) B 3 

E t h = 2. 966 MeV < 8 MeV 2 .98 M e V - 7 . 5 MeV 

6 4 Li(d,a) He 1 Q = 2 2 . 4 MeV 100 keV-5 MeV 500 k e V - 3 . 4 MeV 

6 7 Li(d,p) Li 1 Q = 5 . 0 MeV 100 keV-5 MeV 500 k e V - 3 . 4 MeV 

6 7 * Li (d ,n i ) Be 1 Q = 2 .9 MeV 100 keV-5 MeV 500 k e V - 3 MeV 

a J. R. McNally, ORNL Report No. O R N L - T M - 3 7 8 3 , 1972. 
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The ana lys i s of the data obtained up to the present t ime is in p r o g r e s s . 
Future plans include the m e a s u r e m e n t s of the outgoing neutrons in the 
r eac t i ons at other deuteron e n e r g i e s , a s w e l l as the study of those 
d + ^Li r eac t i ons that involve outgoing charged p a r t i c l e s . 

2. Nuc lear Structure Studies 

249 241 231 
a . A Study of B k , A m , and Pa with Pro ton 

T r a n s f e r Reac t i ons (J . R . E r s k i n e , G . K y l e , 
R . R . Chasman and A . M . F r i e d m a n ) 

P r o t o n s i n g l e - p a r t i c l e states have been studied in the 
i s o t o p e s 2 4 <^Bk, ^ ^ A m , a n ( j ^ M p a . - j^g reac t i on ( a , t ) was uti l ized o 
in the three s tudies . Add i t i ona l l y , the reac t i on ( H e , d ) was used in 
the study of l eve ls in Many new leve l s w e r e o b s e r v e d and 
s o m e could be interpreted in t e r m s of s i n g l e - p a r t i c l e o r b i t a l s . A l s o 
s e v e r a l a s s i g n m e n t s p r e v i o u s l y m a d e on the bas i s of rad ioac t ive decay 
studies w e r e c o n f i r m e d by the orb i ta l s ignatures seen in the proton 
t r a n s f e r s p e c t r a . S i n g l e - p a r t i c l e e n e r g i e s a r e extracted f r o m the 
e x p e r i m e n t a l data. D e f o r m a t i o n s of the nuc lear centra l potential a r e 
deduced f o r ^ ^ B k a n c j 241 ̂ .m . Using the p a r a m e t e r s of the centra l 
f ie ld f o r 2 4 <^Bk, the f ^ / 2 ~ % y 2 s p i t i n g been deduced for m a s s 250 
at z e r o d e f o r m a t i o n and est imated f o r m a s s 300. 

243 242 243 b . L e v e l s of Pu as Seen in the Pu(n ,y ) P u , 
^ 4 ^ P u ( d , p ) ^ J P u , and Z 4 4 P u ' d , t ) Z 4 3 P u React ions 

( R . F . Casten,''"'% J. R . E r s k i n e , A . M. F r i e d m a n , 
D . S . Gale and W . R . K a n e * " ) 

243 
T he l eve l s c h e m e of Pu has been studied in an i n t e r -

l a b o r a t o r y co l laborat ion using the Bragg de f rac t i on neutron m o n o -
c h r o m a t o r fac i l i ty at the Brookhaven High Flux B e a m R e a c t o r and the 
sp l i t -po l e magnet i c s p e c t r o g r a p h at the A r g o n n e Tandem Van de Graa f f 
a c c e l e r a t o r . Spectra of both high- and l o w - e n e r g y g a m m a r a y s , in 
both s ingles and c o i n c i d e n c e w e r e obtained at the 2 . 6 - e V neutron 
r e s o n a n c e in Pu. High reso lut ion ( d , p ) and (d , t ) spectra w e r e 
r e c o r d e d at 3 angles and at a bombard ing e n e r g y of 12 M e V . The 

Univers i ty of Minnesota 

Brookhaven National L a b o r a t o r y 
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following rotational bands and base excitation energies (in keV) were 
observed: 7 / 2 + [ 6 2 4 ] , 0; 5 / 2 + [622] , 287 .5 ± 0 .2 ; 1/2 + [ 6 3 1 ] , 
381. 1 ± 0 . 2 ; 9 / 2 - [7 34] , 4 0 2 . 4 ± 0 . 2 ; 1/2 + [620] , 626 ± 1; 1/2 - [750] , 
788 .5 ± 0 . 2 ; 3 / 2 + [622] , 813 .7 ± 0 .2 ; 1 /2 - [ 5 0 1 ] , 903 .5 ± 0 .2 ; 
3 /2 + [631] , 948 ± 2; 9 / 2 + [615] , 980 ± 3. Unlike the case of 2 4 i P u 
no mixing of the negative parity bands was observed. * 

B. FAST NEUTRON PHYSICS 

1. Measured and Evaluated Fast Neutron Cross Sections of 
Elemental Nickel ( P. T . Guenther, P. A . Moldauer, 
A . B. Smith, D. L . Smith and J. F . Whalen) 

Fast Neutron total and scattering cross sections of elemental 
nickel have been measured. Differential elastic scattering cross 
sections were determined from incident energies of 0 . 3 to 4 . 0 MeV. 
Some of the measured distributions are illustrated in Fig. B - l . The 
cross sections for the inelastic neutron excitation of states at: 
1 .17 ± 0 . 0 2 , 1 .34 ± 0 . 0 1 , 1.45 ± 0 . 0 1 , 2 .15 ± 0 . 0 2 , 2 .28 ± 0 . 0 2 , 
2 .47 ± 0 . 0 3 5 , 2 . 6 3 ± 0 . 0 3 and 2 . 7 3 ± 0 . 0 3 were measured to incident 
neutron energies of 4 . 0 MeV. The results are compared with other 
measured values, model calculations and evaluation in Fig. B - 2 . The 
total neutron cross section was determined from 0 .1 to 5. 0 MeV. The 
experimental results were discussed in the context of an ellipsoidal 
optical potential and statistical theory. It was shown that the ellip-
soidal model is statistically consistent with the observed cross section 
fluctuations. The experimental and theoretical results, together with 
previously reported experimental values were used to construct a 
comprehensive evaluated neutron data file in the ENDF format. Thus 
results will soon be made available in memorandum A N L / N D M - 4 . 

2. Evaluation of Cross Sections for Neutron Induced Reactions 
on Nickel (D. L. Smith) 

An evaluation has been made of the cross sections for the 
5 8 N i ( n , p ) 5 8 C o . 5 8 N i ( n , 2 n ) 5 7 N i , 6 8 N i ( n , a ) 5 5 F e , 5 8 N i ( n , d ) 5 7 C o , 
^8Ni(n,np+pn) Co, and 5 8Ni( n,na+an) 5 4 Fe reactions for E from 

1 T. H. Braid e t a l . , Phys. Rev. C 6 , 1374(1972) . 
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thresho ld to 20 M e V . This work was undertaken as part of a l a r g e r 
p r o g r a m of evaluation of c r o s s sec t i ons f o r a l l neutron interact ions 
with n i cke l i s o t o p e s f o r En = 0 .1 - 20 M e V . 

3. G a m m a - R a y Produc t i on C r o s s Sect ion Measurements 
(D. L . Smith) 

The c r o s s se c t i ons f o r ( n , n ' y ) reac t i ons near thresho ld 
exhibit pronounced energy -dependent s tructure for a number of 
m a t e r i a l s with engineering app l i ca t i ons . Var i ous repor ted sets of 
c r o s s sec t ions f o r these reac t i ons a r e in cons iderab le d i s a g r e e m e n t , 
po ss ib ly due to normal i za t i on p r o b l e m s as we l l as s tructural and 
reso lu t i on e f f e c t s . F o r this r e a s o n , a p r o g r a m has been initiated to 
m e a s u r e these c r o s s sec t ions with m o d e r a t e l y b r o a d energy reso lut ion 
re la t ive to the f i s s i on c r o s s se c t i on for U -235 which i s re la t ive ly f r e e 
of s t ructure and probab ly known to within 5% in the reg ion of in te res t . 
Data has been obtained on ( n , n ' y ) r eac t i ons f o r i so topes of i r o n , n i c k e l , 
sodium and vanadium f r o m thresho ld to 2 M e V . Exc i tat ion functions 
w e r e m e a s u r e d at a P2 node (55° ) in 0 . 0 5 MeV inc rements with 
~ 0 . 1 MeV neutron e n e r g y reso lu t i on . Angular d istr ibut ions wi l l be 
m e a s u r e d at s e l e c t ed e n e r g i e s in the near future to de termine the 
e f f e c t of P4 and higher o r d e r Legendre t e r m s on the integrated c r o s s 
sec t ions and to prov ide data f o r c o m p a r i s o n with the resul ts of s ta t i s -
t i ca l m o d e l ca l cu la t i ons . 

4 . G a m m a - R a y Produc t i on Data P r o c e s s i n g Techniques 
(D. L . Smith) 

G a m m a - r a y product ion m e a s u r e m e n t s genera l ly involve the 
use of r e la t ive ly large s a m p l e s in o r d e r to obtain suf f i c ient y i e ld . The 
c o r r e c t i o n s f o r g e o m e t r y , absorpt i on and mult iple scatter ing a r e 
s igni f i cant and c o n s i d e r a b l e e f f o r t i s being expended to deve lop the 
computer so f tware n e c e s s a r y for routine computation of these c o r -
r e c t i ons and f o r p r o c e s s i n g the large quantities of data which resu l t 
f r o m these m e a s u r e m e n t s . 

5. Neutron Y ie lds f r o m the D(d ,pn)D Reac t i on (J. W. Meadows 
and D . L . Smith) 

The D ( d , n ) 3 H e reac t i on is a c o m m o n l y used s o u r c e of m o n o -
energe t i c neutrons f o r neutron e n e r g i e s above 2 . 5 M e V . A b o v e a 
deuteron e n e r g y of 4 . 4 5 M e V the D(d ,pn)D reac t i on b e c o m e s e n e r -
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getically possible. The cross section rises rapidly and the 0 deg. 
neutrons yield from this reaction is —-1/3 of the 0 deg. D(d,n)^He 
neutron yield at 7. 2 MeV deuteron energy. When the D(d,n) reaction 
is used at deuteron energies greater than 5 MeV corrections are often 
needed for the lower energy neutrons from the D(d,pn) reaction. With 
this in mind, we have made measurements of the 0 deg. yield and 
energy distribution of the D(d, pn) neutrons at 5. 3, 5 . 8 , 6 . 3 , 6 . 7 , and 
7 . 2 MeV deuteron energy using time-of-f l ight techniques. Angular 
distributions were measured from 0 to 30 deg. at 7. 2 and 6 . 7 MeV. 
Neutrons were detected with a small plastic scintillator. The ef-
ficiency was based on calculations and a measurement of the yield of 
the ^Li(p,n)Be^ reaction. 

6. Fast Neutron Capture and Activation Cross Sections of 
Niobium Isotopes (W. P. Poenitz) 

The data evaluation of the measurements of the capture cross 
9 3 1 section of 7 Nb from 0. 3 - 2 . 5 MeV was completed. The data were 

normalized at 0 . 5 MeV to the standard capture cross section of gold. 
A value of 138 mb obtained in a recent evaluation was used for the 
latter. The experimental results are listed in Table B - l and shown in 
Fig. B - 3 . 

9 3 94 
The capture and activation cross sections of ' Nb and 7 Nb 

were calculated in terms of the statistical model. The calculation of 
these cross sections bases on the Hauser-Feshbach formalism. 
Neutron transmission cross sections were obtained from optical model 
calculations. Gamma transmission coefficients were calculated using 
the Weisskopf estimate for the T and a level density formula which 
included shell and pairing energy effects. The gamma transmission 
coefficients were then normalized with experimental values in the eV-
range. The low level occupation probabilities were obtained by means 
of a gamma cascade model. 2 The results from the calculations are 
shown in Figs. B - 3 and B - 4 . The two different sets of curves for 9 4 Nb 
result from different assumptions for the normalization of T!y/D and 
indicate the uncertainty of the cross section calculation for 9 4 Nb. 

1 W . P. Poenitz, USNDC-1, p. 8. 

2 
W. P. Poenitz, Z . fur Physik, 197, 262 (1966). 



93 TABLE B - l . Experimental Results for the Nb Capture Cross Section 

E /MeV n AE /MeV n a /mb 
n ,y ACT /mb n,y 

0.300 0.027 57.5 4.7 
0.400 0.027 55.9 4.2 
0.500 0.026 51.9 3.5 
0.600 0.025 49.5 3.5 
0.700 0.024 49.2 3.6 
0.850 0.023 45.9 3.7 
0.900 0.023 43.9 3.3 
1.000 0.022 36.8 3.0 
1.100 0.022 28.1 2.6 
1.200 0.021 23.5 1.8 
1.300 0.021 20.3 1.9 
1.400 0.020 2 1 . 3 2.7 
1.500 0.020 17.5 1.8 
1.700 0.019 13.0 1.1 
2.000 0,018 i a , 4 1,0 
2.500 0.Q17 6,4 0.7 
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E n , MeV 
FIGURE B - 3 
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7. Measured and Evaluated Neutron Cross Sections of Vanadium . 
(P. Guenther, A . Smith and J. Whalen) 

Measurements of neutron total and scattering cross sections 
of vanadium have been completed to 5. 0 MeV. The experimental 
values are being employed, together with information available in the 
literature, to construct a full evaluated file in the ENDF format. 

8. Scattering From Heavy Rotationally-Deformed Nuclei 
(A. Smith and P. Guenther) 

The objective of this program is the understanding of neutron 
scattering from both even and odd heavy rotationally-deformed nuclei. 
The measurement program pairs similar nuclei, one being technologi-
cally measurable in considerable detail and the other difficult or im-
possible but of high applied importance. The two pairs under detailed 
study are: W 1 8 6 - U 3 8 and H o 1 6 5 - U 2 3 5 . Measurements have been 
made to 4 . 0 MeV in all four cases. Some typical results are shown in 
Fig. B - 5 . The measured values combined with theoretical extrapolation 
should provide improved knowledge of scattering from the important -» ? c ? 1H I j n 6 ° r 
materials U 2 3 5 , U ^ 8 and P u " v . 

9. Neutron Total and Scattering Cross Sections of the Isotopes of 
Molybdenum and Zirconium (A. Smith, P. Guenther and 
J. Whalen) 

The total and elastic and inelastic scattering cross sections 
of M o 9 2 , M o 9 6 , M o 9 8 , M o 1 0 0 , Z r 9 0 and Z r 9 2 have been measured to 
incident neutron energies of 4 - 5 MeV. Data reduction is complete and 
physical interpretation is underway. Illustrative of the detail of the 
results are the elastic scattering cross sections of the molybdenum 
isotopes shown in Fig. B - 6 . The experimental results are marginally 
consistent with an iso-spin term in the optical potential* but the effect 
is extremely small (if present) and masked by other physical uncertain-
ties such as contributions from compound-nucleus processes and the 
effects of nuclear deformation. 

1 F . Becchetti and G. Greenlees, Phys. Rev. 182 1190 (1969). 
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F i g . B - 5 . D i f f e rent ia l e last i c and ine las t i c (,EX=0. 125 M e V ) scatter ing 
c r o s s sec t ions of W 1 8 ^ . M e a s u r e d values a r e indicated by-
data points and the resu l ts of coup led - channe l ca lculat ions 
•with varying d e f o r m a t i o n s . 
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Fig. B - 6 . Differential elastic scattering cross sections of even 
molybdenum isotopes. Measured values are indicated 
by data points. The curves are the result of "first pass" 
optical model calculations. 
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C. PHOTONUCLEAR PHYSICS 

1. Search for Nonresonant Component in 6 1 N i ( y , n ) 6 0 N i 
(H. E. Jackson) 

The line shape for the 11.7 keV resonance in the reaction 
k*Ni(-y,n) has been measured in order to estimate the magnitude of the 
nonresonant reaction amplitude (see USNDC-9). The time-of-flight 
spectrum in the energy region of this resonance is shown in Fig. C - l . 
It is evident that any interference as symmetry generated by the non-
resonant amplitude is extremely weak. Our best estimate of the non-
resonant (y,n) cross section at 12 keV is 0 .013 mb, roughly 1/3 of the 
potential capture cross section calculated by Lane and Lynn. * 

2. Nuclear Raman Scattering of 11 .4 MeV Photons bv 2 3 8 U , 
^ ^ T h . and l b V T b (H. E . Jackson, G. E. Thomas and 
K. J. Wetzel) 

A beam of 11 .4 MeV photons, extracted from the CP-5 reactor, 
has been used in a high-resolution measurement of the differential 
cross section for photon scattering by 2 3 8 U , 2 3 2 T h , and 1 5 9 T b . The 
spectrum of scattered photons was observed in a Ge(Li) detector whose 
sensitive volume was ~ 6 0 cc. Inelastic scattering which leaves the 
residual nucleus in a state of the ground state rotational band, i . e . 
Nuclear Raman Scattering, was measured relative to elastic scattering. 
In Table C - l the results are compared with the predictions of the 
simple rotator model (SRM) of the giant dipole resonance, modified by 
use of resonance parameters obtained from the most recent photo-
absorption data. The data for confirm clearly the trend observed 
earlier in measurements at 10.8 MeV - the Raman scattering is weaker 

2 38 
than predicted. For JOU the Raman process is also weaker than 
predicted by the SRM. However, in contrast to 1 5 9 T b the relative 

238 232 
strength of the Raman component for both U and Th agrees 
within ~ 1 0 % with results of a modified simple rotator calculation. 

1 A . M. Lane and J. E . Lynn, Nucl. Phys. 17 (1960), 586. 
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Fig. C - l . Photoneutron time-of-flight spectrum in the region 
of the 11.7 keV resonance in the reaction 6 1 Ni(Y,n) . 
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TABLE C - l . Comparison of Measured and Calculated Values of the 
Ratio of Raman to Elastic Scattering for 11 .4 MeV Photons. 

9 R.aman/elastic 

Target nucleus (Degrees) Measured Calculated 

23S 
92 90 1 .0 1 . 1 1 .25* 

150 0 .67 0. 66 0 . 7 6 

232 
90 

150 0 . 6 4 0. 57 

1 5 9 T H 
65 90 0 . 6 0 0. 79 

450 0 .46 0. 52 

«JU 

Bar Noy and Moreh, Photonuclear Reactions and Applications, 
CONF-730301, 319 (1973). 
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D. FISSION PHYSICS 

1. R a d i o c h e m i c a l Invest igat ion of F i s s i o n F r a g m e n t M a s s 
Distr ibut ions (K . F . F l y n n , J . E . Gindler and L . E . 
Glendenin) 

Distr ibut ions of f i s s i o n f ragment m a s s a f ter neutron e m i s s i o n 
w e r e obtained r a d i o c h e m i c a l l y f o r spontaneous f i s s i o n ( s f ) and 
^ ^ F m t h e r m a l - n e u t r o n - i n d u c e d f i s s i o n ( n , f ) . The m a s s d istr ibut ion 

254 252 for Cf ( s f ) is s imi la r to that f o r Cf (s f ) but with f i r s t m o m e n t s of 
the l ight- and h e a v y - m a s s peaks at 108.6 and 1 4 1 . 6 a . m . u . r e s p e c -
t ive ly . The m a s s distr ibut ion f o r 2 ^ 7 F m ( n , f ) appears to be s i n g l e -
peaked and s y m m e t r i c about m a s s 127. This a g r e e s with the p r o -
v i s i o n a l m a s s - y i e l d d istr ibut ion de termined f r o m kinet ic energy 
m e a s u r e m e n t s of co inc ident f r a g m e n t s . * Thus a m a r k e d transi t ion 
f r o m a s y m m e t r i c to s y m m e t r i c f i s s i o n o c c u r s in the f e r m i u m i s o t o p e s : 
the F m ( s f ) m a s s distr ibut ion is a s y m m e t r i c with a p e a k - t o - v a l l e y 
rat io ( P / V ) of ~ 12, the 2 5 5 F m ( n , f ) m a s s distr ibut ion has a P / Y of T c 7 
2 . 6 , and the D F m ( n , f ) m a s s distr ibution is s y m m e t r i c in c h a r a c t e r . 

C r o s s sect ions for the 2 5 1 C f ( n , f ) and 2 5 5 F m ( n , f ) r eac t i ons 
have been determined as 5300 and 3200 barns r e s p e c t i v e l y . Es t imated 
e r r o r s of 10% a r e p laced on both v a l u e s . These va lues a r e in good 
a g r e e m e n t with those of 4800 ± 250 b f o r 2 5 1 C f ( n , f ) and 3400 ± 170 b 
for 2 5 5 F m ( n , f ) r epor ted p r e v i o u s l y . 

2. F i s s i o n I s o m e r i s m (K . L . Wolf and J. W . Meadows ) 

A study of the spontaneously f i s s ion ing i s o m e r U(t^ = 
295 ns) has been comple ted at the A r g o n n e Fas t Neutron G e n e r a t o r . 
De layed to prompt f i s s i o n rat io m e a s u r e m e n t s in the threshold r eg i on 
of the 2 3 8 U ( n , n ' ) 2 3 8 m u reac t i on a r e shown in F i g . D - l . A f it to the 
data with a s tat is t i ca l m o d e l ca l cu lat ion which uses e m p i r i c a l l eve l 
densi ty e x p r e s s i o n s y ie lds a value of 2. 1 M e V f o r the i s o m e r exc i tat ion TOO e n e r g y , Ejj , r e la t ive to the ground state . The r e s o n a n c e - l i k e 

W . John, E . K.. Hulet , R . W. Lougheed and J. J. W e s l o w s k i , 
P h y s . R e v . Lett . 27, 45 (1971) . 

2 R . C. Raga in i , E . K . Hulet , R . W. Lougheed and J. W i l d , 
P h y s . R e v . C9 , 399 (1974) . 
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I o . o b 
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O . I 

2 3 8 U (n,n') 2 3 8 m U 

E^j = 2.1 ± 0 . 1 M e V _ 

1 
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NEUTRON 
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ENERGY (MeV) 

5.0 

F i g . D - l . The delayed to prompt f i s s i o n rat io as a function of incident 
neutron energy for a high purity target . Neutrons w e r e 
generated with the 7 L i ( p , n ) reac t i on . 
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structure at a neutron energy of 3 MeV has been ignored in this analysis. 
The value of E ^ determined here is not consistent with recent measure-
ments for shape isomer gamma decay* in which it is claimed that a 
2 .514 MeV gamma-ray is involved in the de-excitation of the 2 3 8 U shape 
isomer to the 2 3 8 U ground state. 

E . HALF-LIVES OF THE ACTINIDES 

1. Pu Isotope Half -Lives (A. H. Jaffey, H. Diamond, K. F . Flynn, 
W. C. Bentley, L . Ross and D. Rokop) 

A program has been started for making accurate measurements 
of the half-lives of the plutonium isotopes of importance in reactor tech-
nology, hopefully with a precision of 0. 1% standard error. The first 
measurements will be made on 2 3 9 P u , followed by 2^®Pu and 2 3 8 P u . 

2 39 

Preparations for the 7 Pu measurements have started. The techniques 
to be used involve mass-spectrometric isotope dilution and specific 
activity (alpha-counting) measurements. 

For the mas s -spectrometry, a purified and chemically-assayed 
2 3 9 P u sample is allowed to sit for a defined time during which the 
daughter 2 3 5 U grows in. The plutonium sample is "spiked" with known 
masses of 2 3 ^ U and 2 3 8 U and the content is determined from 
mass-spectrometric ratios. The concentration of each plutonium and 
uranium solution is determined by precision titration methods. The 
double internal standard in the mass spectrometry allows accurate 
determination of the mass discrimination bias. Aliquots from the same 
analyzed plutonium sample are counted with an intermediate geometry 
defined solid angle counter, a low geometry counter and a liquid scin-
tillation counter. It is hoped that the discrepancies that exist between 
the various published results will be resolved through the crosscheck 
of the results of the various methods, as well as the check with results 
from other laboratories using other methods. 

P . A . Russo, J. Pedersen and R. Vandenbosch, Rochester 
Conference on the Physics and Chemistry of Fission, I A E A / S M - 1 7 4 / 9 6 . 
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2. Specific Activity and Half -Life of Z 3 3 U (A. H. Jaffey, 
K. F . Flynn, W . C. Bentley and J. O. Karttunen) 

2 33 
Samples of U were prepared by molecular plating and 

counted in an intermediate geometry alpha-proportional counter with 
a flat pulse height plateau. For each sample, the small amount of 
residual non-plated uranium was evaluated by counting in a counter. 
Energy analysis with a silicon-junction detector allowed accurate 
measurement of the small amount of activity not ascribable to 
and The 234JJ activity was corrected for by calculation from 
the mass spectroscopically measured concentration. The specific 
activity was measured as 21405 ± 20 d /m/pg corresponding to 
a half - l i fe of (1 .5911 ± 0 .0015) x 105 yr . The quoted error is sta-
tistical (standard error of the mean), based upon observed scatter 
of the data. 



35 

BROOKHAVEN NATIONAL LABORATORY 

A. NEUTRON PHYSICS 

1. Fast Chopper f 

a) Experimental 

1. Direct Neutron Capture in the 4s Giant Resonance--Dy-164 
(G. W. Cole and R. E. Chrien) 

Direct neutron capture by Dy-164 at energies between 
thermal and 145 eV has been studied at the BNL Fast Chopper f a c i l i t y , 
as part of a continuing invest igat ion of n o n - s t a t i s t i c a l e f f e c t s 
in epithermal neutron reac t i ons . 

Figure A - l - 1 shows the t i m e - o f - f l i g h t spectrum 
obtained with a 180 gram target of dysprosium oxide, 967» enriched 
in Dy-164. The resonance marked 164 i s the 145 eV resonance in 
Dy-164; this i s the lowest pos i t i ve energy resonance in Dy-164. 
The resonance marked 162 i s the 5.4 eV resonance in Dy-164; the 
remaining structure a lso comes from contaminant i so topes . Dy-164 
is a lso known to have a bound l eve l at - 1 . 9 eV.^ 

Figure A - l - 2 shows the Y -ray spectra from the 145 eV 
resonance, and from the region near 0.6 eV, where the bound state 
dominates. The strong l ines at 5606 and 5557 keV populate the f i r s t 
two members of a C52lD band known from the work of Sheline.^ The 
5109 keV l eve l populates a l eve l which i s the head of a poss ib le 
3 / 2 " [ 5 2 l ] band. These three states are among the most strongly 
populated in Shel ine ' s (d ,p) work; we would of course hope to 
i d e n t i f y s ingle p a r t i c l e e f f e c t s in neutron capture with these 
f i n a l states which exhib i t strong s ingle p a r t i c l e components. 

The par t ia l cross sect ions f o r the l ines of i n t e r e s t , 
as a funct ion of neutron energy, were f i t t e d using a mul t i l eve l 
formula containing Breit-Wigrter resonance amplitudes and energy-
independent amplitude for non-resonant capture. Part ia l radiat ive 

1 S. F. Mughabghab and D. I . Garber, BNL 325, Third Edit ion 
Volume 1. 

2 
R. K. Shel ine, W. N. Shelton, H. T. Motz and R. E. Carter , 
Phys. Rev. 136 (1964). 



COUNTS 

o 

<1 a) ID 
i—• 
i—• 

CD ao ro 
Q Q CD a 
a a a a 

- 1 6 4 

- - 1 6 2 r\D 
r o 

• 
i 

c n 
o 
a 
CD 

c n 

QD 
X ) 

I D 

9£ 



37 

DY-164 [N,GRMMfl 3 

1 4 5 . 4 EV RESONANCE 

E = 0 =63 EV 

CHANNEL 
F i g . A-1-2 



38 

widths measured in this experiment were included for the 145 eV 
resonance, while the par t ia l radiat ive widths associated with the 
bound l eve l were allowed to vary to produce the best f i t . Figure A - l - 3 
shows such a f i t f o r the 5606.9 keV t rans i t i on ; in this case the 
d i r e c t amplitude has been f ixed to a value of zero , while the bound 
state contr ibut ion varied f r e e l y . Figure A - l - 4 shows the same data, 
f i t t e d with a f r e e l y varying d i rec t amplitude. The dashed curve in 
Fig . A - l - 4 i s the best f i t obtained when d i rec t capture i s allowed 
to contr ibute . From these f igures i t i s c lear that the e f f e c t s of 
a bound l eve l which i s near zero energy can be dist inguished from 
non-resonant capture, owing to the d i f f e r e n t energy dependence of 
the two processes . At the same time, par t ia l radiat ive widths 
f o r the bound state can be deduced. Results are given in Table A-1-1 . 

This f i t requires a d i rec t cross sect ion of 22 mb 
at 1 eV for the 5606.9 keV t rans i t i on . The 5108 keV t rans i t i on 
gives a best f i t resu l t of 2.2 ± 0 .4 mb at 1 eV. 

We have o f ten interpreted d i r e c t capture resu l ts in terms 
of the contr ibut ion of distant l e v e l s , using a resu l t due to Lane3 

c y d i s t l e v e l s ) = P ( r ° , r ^ ( a b s ^ I ^ / D . 

This r e l a t i o n implies observable d i rec t capture contr ibut ion from 
distant l eve l s only i f p, the part ia l width co r re la t i on c o e f f i c i e n t , 
i s near uni ty . Such cases of large s t a t i s t i c a l corre la t i ons have 
been rare in the 4s giant resonance. However, the "hard-sphere" 
contr ibut ion to capture, which i s independent of distant l eve l 
contr ibut ions , i s approximately given by 

45 2 o (hard sphere) «=*• 6 f (Z,A,E )mb, non-res y N ' y 
n 

where i s the reduced neutron width of the f i n a l s ta te . This 
resu l t i s based on a simple ca l cu la t i on using a spherical Woods-
Saxon p o t e n t i a l ; i t seems c lear that a more sophist icated ca l cu la t ion 
which takes into account the detai led nature of the f i n a l states in 
the deformed nucleus w i l l allow the extract ion of spectroscopic 
information from these r e s u l t s . 

3 A. M. Lane, Annals of Physics 63, 171 (1971). 
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Table A - l - 1 

Parameters for Multi level Fit t ing in Dy-164 

r y f ( m e V ) 

EY 
- 1 . 8 9 eV* 1 4 5 . 4 eV 

5 6 0 6 . 9 2 . 9 8 3 . 0 0 

5 5 5 6 . 4 2 . 1 5 8 . 2 5 

5 1 0 8 . 9 0 . 5 7 1 0 . 3 3 0 

5 1 4 3 . 1 1 . 5 7 0 . 4 3 3 

5 1 7 8 . 0 0 . 7 0 0 0 . 2 4 6 

4 2 5 8 . 9 0 . 2 7 5 5 . 4 2 

r y ( - 1 .89 ) = 55 meV; 

r (145.4) = 60 meV; 

( -1 .89 ) = 41 meV; n 

r ° ( 1 4 5 . 4 ) = 72 meV. n 

These values were determined from mult i level 
f i t s between thermal and 145 eV. 
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2. Direct Neutron Capture in the 4s Giant Resonance: 
A General Survey (G. W. Cole and R. E. Chrien) 

In addit ion to the targets for which d i rec t capture 
studies have been reported on in this and other USNDC contr ibut ions , 
namely Dy-162, Dy-164 and Sm-152, other even-even targets have been 
or w i l l be included in a program to map out non-resonant capture 
e f f e c t s across the 4s giant resonance. Data for W-186, Sm-154 and 
Yb-170 are in hand, and a target of Gd-156 i s presently being 
studied at the Fast Chopper. 

Such a study o f f e r s the opportunity to examine s ing le -
p a r t i c l e e f f e c t s in neutron capture leading to f i n a l states whose 
c l a s s i f i c a t i o n s in terms of Nilsson o rb i ta l s are well known as a 
funct ion of mass number. For example, the band in both 
Dy-162 and Dy-164 i s seen to exhib i t s i g n i f i c a n t d i rec t capture 
cross se c t i ons . We should take note of the f a c t that these measure-
ments are e s sent ia l l y concerned with inter ference e f f e c t s , and 
therefore contain information concerning the signs of the amplitudes 
for the s ingle p a r t i c l e process . Thus, as we compare interference 
e f f e c t s in the population of d i f f e r e n t f i n a l states from i n i t i a l 
states whose propert ies are eas i l y included in ca lcu lat ions ( e . g . 
s-wave neutrons plus deformed t a r g e t s ) , we should expect to f ind 
s i g n i f i c a n t spectroscopic information. Detailed ca l cu lat ions are 
ant i c ipated . 

3. Fluctuation Properties of Radiative Widths in Sm-149 
(F. Becvar + R. E. Chrien and 0 . A. Wasson*) 

An analysis of data taken several years ago with the 
Fast Chopper F a c i l i t y has recently been completed and is being 
prepared for publ i cat ion . The topic concerns the study of the 
f luc tuat ion propert ies of F y j j , the part ia l radiat ive widths. 
The nucleus chosen f o r this study, Sm-149, has the advantages that 
the low-lying states of the daughter Sm-150 are well known from 
P decay and react ion studies , and that the neutron resonances are 
c l o s e l y spaced, but eas i l y reso lvab le . 

Previous analyses of width f luctuat ions have indicated 
the approximate v a l i d i t y of the Porter-Thomas hypothesis f o r several 
nuc le i , but only in a r e s t r i c t ed range of prec i s i on . A systematic 
study of width f luctuat ions over a broad range of nucle i i s s t i l l 

+ Now at JINR, Dubna 
* 

Now at NBS 
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lacking. The present study chooses a d i f f e r e n t point of departure 
in order to avoid systematic errors common to previous analyses. 
This viewpoint i s to analyze the propert ies of width amplitudes 
rather than widths. The resul t ing d i s t r i b u t i o n , under the Porter-
Thomas hypothesis , i s "semi-Gaussian"; this hypothesis i s s tr ingent ly 
tested in the present analys is . 

The present study of resonant neutron capture in Sm-149 
y i e l d s the spins of 14 neutron resonances below 34 eV, and develops 
new information f o r 20 low-lying l e v e l s . The pos i t i ve parity l eve l s 
of Sm-150 are assigned to bands b u i l t on the ground state and phonon 
exc i ta t i ons corresponding to P, 7 , and 2P-vibrat ions . A c l ose 
s imi lar i ty in l eve l structure with Gd-i52 i s observed. 

In the range of neutron energies from 0.04 to 5.5 eV a 
detai led resonance-resonance inter ference analysis has been carried 
out . This y i e lds width amplitudes, corresponding to 41 primary 
trans i t ions for the f i r s t three resonances and a bound l e v e l . The 
r e la t i ve phases were observed to be randomly d i s t r ibuted . Figure 
A-1-5 shows inter ference p lots f o r the observed i n t e n s i t i e s . 

Both amplitude and width d i s t r ibut i ons were subjected 
to s t a t i s t i c a l t e s t s . S igni f i cant departure^from the Porter-Thomas 
d i s t r ibut i on i s found for part ia l widths for E - l t rans i t ions to 
states of Jn = 3 ,4 + below 2196 keV. No s i g n i f i c a n t corre la t ions 
between pairs of radiat ive widths, nor between radiat ive and neutron 
widths are observed. I t i s concluded that no simple mechanism l ike 
channel or valence neutron capture plays a ro le in this r eac t i on . 
The cumulative amplitude d i s t r ibut i on i s shown in Fig . A-1 -6 . 

Under the hypothesis of Axel , that the photon strength 
function deduced from (n,Y) measurements may be extrapolated from 
the giant d ipole resonance, we can wr i t e , 

< r Y i j ( J ) > / D J = k EY A 8 / 3 

where k = 6 .1x l0~ 1 5 MeV~5. Our data y ie lds a resu l t k = (2 .2±0.4) 
xl0~15 MeV"^; a n ( j thus i s almost a factor of three lower than the 
E - l photonuclear extrapo lat ion . 
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Fig. A-l-5. Plot of the experimental photon strengths R = C(E 

compared to multilevel fits. The arrows show resonance positions, 
and the signs show the relative phases of the amplitudes. Dashed 
lines indicate best fits assuming no bound level. 
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r 

Fig. A-1-6. The cumulative distributions of the random 
variable r, related to a reduced width amplitude 
Y\yf by the following: r=2erf[|Y\YF|EY"5/2/M]-1 
where M=(<y^Yf Ey~^ >X f ) ^ ^ • The experiment is 
compared to predictions of the Porter-Thomas 
assumption. 
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4. Nuclear Structure Studies Using the Fast Chopper 
(R. E. Chrien, K. Rimawi, R. C. Greenwood* and 
G. W. Cole) 

The Fast Chopper i s a useful complement to the Tailored 
Beam F a c i l i t y f o r nuclear structure s tudies . Where s u f f i c i e n t l y 
large targets (> 20 gm) are ava i lab le , resonance capture spectra up 
to several hundred eV o f f e r several advantages: spectra are f ree 
of i s o t o p i c contamination, proceed from a capturing state of known 
spin, and generally exhibit a high degree of freedom from background 
l i n e s . In the past 6-month period, resonance capture spectra have 
been obtained f o r Mo-94, Mo-96, Mo-97, Gd-154, Gd-156 and Gd-157. 
These targets have a lso been studied using the varied quasi-
monoenergetic beams avai lable at the Fi l tered Beam f a c i l i t y , and 
the combined resu l t s are being analyzed f o r nuclear structure 
information. For the Mo isotopes the chopper resu l ts are of 
part icular value, since the ^-value of the captured neutron i s 
known on-resonance, while average capture measurements give a 
mixture of s-wave and p-wave capture. 

Aero jet Nuclear Corporation 
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A. 2. The Tailored Beam F a c i l i t y 
(K. Rimawi and R. E. Chrien) 

a) Equipment 

In addit ion to the 24 keV Fe, f i l t e r a f i l t e r has been 
insta l l ed re cent ly . The f i l t e r i s composed of 11.3 cm of ^LiC03 
which fo l lows a 10.5 cm Pb attenuator. The f i l t e r i s designed to 
give a neutron f lux which peaks at ~ 1 keV. 

Such a f i l t e r w i l l allow us to compare the spectra from 
1 keV neutron capture to those f o r capture of 24 keV neutrons, 
thus allowing the i d e n t i f i c a t i o n of l eve l s that are populated 
fo l lowing p-wave neutron capture. 

Figure A-2-1 shows the gamma ray spectrum for a Ta-181 target 
obtained with the ^Li f i l t e r . 

b) Experiments 

Since the previous report we have obtained separated Mo 
isotopes which were investigated using the 24 keV beam. Spectra 
f o r Nb, Ce-140,142, Gd-154,155,156,157, and Ho were also c o l l e c t e d 
using the 24 keV neutron beam. The 

6 L i f i l t e r was used to 
invest igate Gd-154, Ho and Ta. In addi t ion , the t o t a l capture 
cross sect ion was measured for Mo-98, at 24 keV. 

In the f o l l owing , we discuss some of these measurements: 

1. Total Capture Cross Section f o r Mo-98 

The t o t a l capture cross sect ion was determined by 
measuring the i n t e n s i t i e s of the 740 and 780 keV l ines fo l lowing 
the 3-decay of Mo-99 to the 920 keV l eve l in Tc-99. The 10B(n,Q7) 
cross sec t ion was used as a standard. A value of 115±10 mb was 
obtained. 
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2. Valency Model Test at 24 keV 

I t has been observed that the s ingle p a r t i c l e contr ibut ion 
to the primary t rans i t ions involving the decay of p-wave resonant 
states in Mo-92 and Mo-98 to s-wave and d-wave low lying states 
decreases r e l a t i v e to the non-single p a r t i c l e contr ibut ion as the 
resonance energy i s i n c r e a s e d . I n order to invest igate th is 
e f f e c t at higher energies , the 24 keV neutron capture was i n v e s t i -
gated f o r the two isotopes mentioned above together with Mo-94 and 
Mo-96. 

The spectra showed strong transi t ions to some low lying 
states of strong s ingle par t i c l e character for a l l i s o topes . 
Figure A-2-2 shows the spectrum for capture in Mo-94 covering the 
gamma ray energy range from 4.7 - 7.5 MeV. 

A s i g n i f i c a n t cor re la t i on i s observed f o r a l l isotopes 
between the measured i n t e n s i t i e s and those predicted from the valency 
model. Such a comparison i s shown in Fig . A-2-3 , where arbitrary 
units are used except for Mo-98 where par t ia l cross sect ions were 
measured r e l a t i v e to 10B(n,cr/) cross se c t i on . 

The contr ibut ion of non-single p a r t i c l e components to 
the capture cross sect ion in Mo-98 may be estimated from the 
intercept in Fig . A-2-4 . In the f igure the experimental o/Ey 
in |i,b/MeV3 i s p lotted against the value predicted from the valency 
model. 

The non-single p a r t i c l e component can be compared to 
the value derived from extrapolat ing the (Y,n) cross sect ion from 
the E'-l giant d ipole resonance. Also , a comparison can be made 
with a value obtained from the average E - l photon strength function-* 
for neighboring n u c l e i . These values are shown in Table A-2-1 for 
the t rans i t i on to the predominantly s\/2 ground s ta te . 

1 0 . A. Wasson and G. G. Slaughter, Phys. Rev. C8, 297 (1973). 

2 
R. E. Chrien, "Measurement of Radiative Capture Widths in 
S t a t i s t i c a l Properties of Nucle i " , Plenum Press, N. Y. (1972), 
J . B. Garg, Ed. 

3 
L. M. Bol l inger in Proc. I n t l . Conf. on Photonuclear Reaction 
USAEC CONF 730301 (1973) . 
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Table A-2-1 

Partial Cross Section for Ground State Transition 
Following 24 keV Neutron Capture in Mo-98. 

cr „(measured) 8.4 ± 0.4 mb 
Yf 

CT(valence) 1.6 mb 

o ( i n t e r c e p t of Fig. A-2-4) 2.2 mb 

o ( d e r i v e d from GR) 2.0 mb 

o^(from k ^ estimate) 1.6 mb 

These cross sections indicate that the valence neutron transition 
accounts for ~207»of the total transition strength. Furthermore, 
neither the statistical contribution nor the extrapolation of the 
giant resonance is sufficient to explain the measured strength. 
This is similar to the enhancement of the transition to the si/2 
first excited state in Mo-92 observed by Wasson and Slaughter.1 

On the other hand, the assumption of coherent addition 
of the valence contribution to that of non-single particle contribu-
tion would result in the observed cross section. Such coherence 
suggests a collective core excitation forming a "pygmy" E-l resonance, 
In such a picture a 1" collective excitation of the Mo-92 or Mo-98 
core coupled to an s\/2 extra-core neutron would be formed by p-wave 
neutron capture. This is similar to the earlier suggestion of 
Brown^ and Clement, Lane and Rook.^ 

4 G. E. Brown, Nucl. Phys. 57, 339 (1964). 

C. F. Clement, A. M. Lane, and J. R . Rook, Nucl. Phys. 66, 
273 (1965). 
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A. 3. Boron P r o f i l i n g in Semiconductors Using Thermal Neutron Beams 
(G. W. Cole and J . F. Z ieg ler* ) 

The d i r e c t thermal neutron beam at the Tailored Beam F a c i l i t y 
has been used f o r a ser ies of measurements of the d i s t r ibut i on of 
boron atoms introduced in s i l i c o n substrates by ion implantation 
and d i f f u s i o n . This technique has been described previously . 
Analysis has been completed for data obtained in two runs at HFBR 
in Apri l and July, 1973. The fo l lowing problems were studied: 

a) the range of B-10 ions implanted at energies between 
25 keV and 200 keV in Si02 and S i ^ ; 

b) an estimate of the diffusion constant of boron in these 
insulators at 1000°C; 

c) the refutation of a predicted concentration discontinuity 
of ion implanted boron at an SiO^-Si interface; 

d) a final resolution between theoretical and experimental 
results for arsenic and boron interdiffused at 1000°C; 

e) a determination of the segregation of boron at an 
SiO^-Si interface under annealing at 1000°C. 

A total of 12.7 days of counting was required for these 
measurements; 47 samples were studied. 

1 J. F. Ziegler, G. W . Cole and J.E.E. Baglin, J. Appl. Phys. 43, 
3809 (1972). 

* 
IBM Watson Research Center, Yorktown Heights, N. Y. 
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B. NUCLEAR STRUCTURE 

1. Study of Low Spin States in Hg-202 
(R« P, Casten, D, B r e i t i g , W. R. Kane and G, W. Cole) 

The level scheme presented previously has been refined 
primarily by combination of the information from our (n,y) studies 
with recent data from the (p,t) reaction.1 The 1311.5 keV level 
is populated in (p,t) with 40% the ground state cross section 
thereby assuring a natural parity. Thus the 3 + spin possibility 
is eliminated. As a consequence the levels at 1788.5, 1861.8, 
1965.5 keV can now be considered as very likely 2 + states since 
they deexcite to the 1311.5 keV level. 

The spin limitation to 3 or 4 + for the 1311.5 keV level 
can with high confidence be further restricted to 4 + on the grounds 
of the large (p,t) cross section in a nucleus just below a closed 
shell. We have attempted to interpret the structure of this level 
and conclude, based on calculations of the two neutron transfer cross 
sectiors, that it must have a large (2f7/2'^Pl/2^u a mPlitude which 
is in phase with the (2f5/2»3P3/2)u amplitude. 

2. The 1 8 6W(n,V) 1 8 7W Reaction at 24 keV, Hexadecapole 
Deformations and Fragmentation of Nilsson Strength 
(R. F. Casten, D. Breitig, 0. A. Wasson, K. Rimawi and 
R. E. Chrien) 

Earlier, it was reported on the basis of combined information 
from the (n,Y) and (d,p) reactions in Hf and W that there exists 
considerable unexplained fragmentation for low spin states of Nilsson 
strength in the energy regions from 1-2.5 MeV. However, the frag-
mentation systematics is such that most of the predicted (d,p) 
strength is in fact observed in Hf and in but only 30-50% is 
identified in 1 8 3 » 1 8 S j . In an effort to identify one factor that 
contributes significantly to these experimental results, we have 
made detailed calculations of the effects of a large hexadecapole 
deformation. The results, summarized in the figures, show 
that it leads to several effects that all tend in the direction 
of the experimental data. The energies of the key orbitals, 
l/2-[50l] and 3/2-[50l], are increased, pushing the cross 
section to higher centroid energies and possibly out of 
the range of measured excitation energies. 

J. V. Maher et al., private communication. 
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Figure Captions 

B - l : Effects of hexadecapole deformation on properties of single particle neutron 

levels in the tungsten nuclei, a) single particle energies as a 

function of e^ labelled by the asymptotic quantum numbers of the 

dominant orbitals. The upper four orbitals are those of primary 

interest. The others, shown for orientation, have been assigned 

to lower lying levels in the tungsten isotopes; they occur either 

near the ground state or are hole excitations at ~ 1 M e V . b) 

Measure of the. AN=2 mixing; dependence on e^ of a 3 / 2 ' 

amplitude of N=5 in the C coefficient for the predominantly 

N=7 orbital 3/2-[76l]. c) Value of the j.operator that appears 

in the Coriolis matrix element. The matrix elements for these 

three pairs of orbitals are non-zero due to the presence of N=5 

components in the N=7 wave functions. For 3/2 states and e^=0.16, 

the <l/2-[770]| j - 1 3 / 2 - [ 5 0 1 > point corresponds to a full Coriolis 

matrix element of nearly 100 keV. The value of <1/2-C50131j-I 

3/2-[50l]> is also non-zero and has the value ~ +0.8 more or less 

independently of 6 . 

12 MeV 

B - 2 : Calculated/(d,p) spectra for the 1/2", 3/2" states of the l/2-[50l], 

3/2-[50l], l/2-[770] and 3/2-[76l] orbitals for several values of 

e^. In each case, e 2 = 0 . 2 2 } p, = 0.42, h = 0.0637. The cross 

sections are at 90°, Q = +3.0 M e V . Open circles correspond to cross 

sections less than 50 nb/sr. Thus all solid bars shown represent 

cross sections that would be considered strong transitions. The 
« 

bottom row is identical to the one above it except for the small 

(<150keV) shifts in two single particle energies. 
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Fig. B-l 
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The 1/2-C770] and 3/2-C76L3 orbitals approach in energy the former 
pair and the two pairs of orbitals experience a greatly augmented 
AN=2 and, thereby, Corialis mixing. This tends to fragment the 
(d,p) strength into roughly twice as many states. Furthermore the 
resulting, highly admixed states, are now extremely sensitive to 
further perturbations (compare bottom two rows of Fig. B-2) such 
as interactions with phonon excitations. Finally, the total (d,p) 
cross section to the low K intrinsic states is redistributed over 
spin J, by the change in nuclear field shape, in such a way as to 
decrease by about 127» the total cross section expected for 1/2" 
3/2" states. This, again, is in accord with the experimentally 
observed loss of strength. 

A detailed explanation of the fragmentation systematics 
has not been obtained but it is felt that an important contributing 
factor may have been identified which, when incorporated with more 
extensive microscopic calculations, will likely modulate them in 
the direction of the experimental findings. 

125 
3. A New Isomer of Xe Formed by Resonance Neutron Capture 

(W. R. Kane, R. F. Casten, W . Gelletly, and D. R. Mackenzie) 

125 
The isotope Xe is particularly interesting because it 

lies in a mass region where nuclei probably possess stable • 
deformations, at least for certain excited states, and the 
deformation may possibly be oblate. It would thus be very useful 
to identify unambiguously rotational bands built on individual 
Nilsson orbitals in ^ ^ X e . Unfortunately very little is known 
about the level structure of ^ ^ X e since it is unstable (T^/2 = 17h) 
and difficult to reach in various nuclear reactions. 

The use of the Bragg-diffraction neutron monochromator at 
the Brookhaven High Flux Beam Reactor, affords, however, the 
possibility of studying the excited states of ^•"Xe in detail via 
neutron capture in the 5.16 eV resonance of ^ 4 X e # Such studies 
have been performed with a target of ~ 7 cm^ of Xe gas enriched 
to 647» in . A large number of high and low energy Y rays 
attributable to the 124xe (n,Y) reaction were observed and Y-Y 
coincidence measurements performed. In the course of this work 
delayed coincidence measurements were also carried (ĵ j;. They 
disclosed the existence of a new isomeric state in Xe at an 
energy of 295.9 keV, deexciting with a 165 nsec half life to the 



59" 

W ( d , p ) €2= 0.22 

0.5 

o 
O 
0> 

CO \ 
-O 

E 

C3 
T3 
\ 
b 
TJ 

0.5 

0 

0.5 

0| 

0.5 

0 

0.5 

0 

V ° 

€ 4 = 0 . 0 6 

=0.12 
4 

o*—ho-

€ 4 = 0 . I 6 

E (MeV) 

Fig. B-2 



60 

f i r s t excited state at 111.74 keV. The isomeric state is the third 
exc i ted state of and the second isomeric l eve l to be found; 
the 9 /2" second excited state at 252.5 keV decays with a half l i f e 
of 55 sec . The observation of t rans i t ions populating the 295.9 keV 
l eve l places new l eve l s in 1 2 5Xe at 497.0, 594.1, and 708.0 keV 
e x c i t a t i o n energy. From the intens i ty of the Y ray deexcit ing the 
165 nsec isomer, a lower l imit of 1.5 per cent i s obtained f o r the 
isomer r a t i o ^ / o m2 g . s . 
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C. NATIONAL NEUTRON CROSS SECTION CENTER 

1. Data Libraries 

Intense a c t i v i t y in the las t year has been d irected to production 
and d i s t r ibut i on of a new version of the evaluated l i b rary (ENDF/B-IV). 
The NNCSC e f f o r t involved coordinating the ENDF/B-IV e f f o r t , hosting 
Task Forces on the "Big 3 + 2",2200 M/Sec values , f i s s i o n product 
n u c l e i , standards, and CSEWG meetings dedicated to approving new eva l -
uat ions . In addition NNCSC f a c i l i t i e s were ca l l ed upon to process the 
new evaluations f o r ENDF/B-IV and to extend to 20 MeV those ENDF/B-III 
materials being taken over d i r e c t l y into ENDF/B-IV. The above involved 
extensive checking, p l o t t i n g , assembling, and edi t ing of f i l e s . 

Our s t a f f has completed new evaluations th is past year f o r Sc, Mn, 
Cr, Ni , Co, Eu i so topes , the resonance region of Pu-239 (with J . R. 
Smith, ANC using our f a c i l i t i e s ) , and the unresolved regions o f U-235 
and Pu-239. 

Standard ENDF programs have been upgraded to handle Version IV 
formats and have been d i s t r ibuted . Distr ibut ion of ENDF/B-Version IV 
Library has begun (Tapes 401-403) . Additions to the ENDF/A Library this 
year include the l i b r a r i e s o f Dev i l l er (France, C .E.N. ) , ENDL (U.S . , 
LLL), and U.K. (England, UKNDL). 

In the las t year NNCSC has taken r e s p o n s i b i l i t y f o r the USNDC 
Request L i s t , prepared the Library, completed the serv ice programs, and 
sent a magnetic tape to IAEA to meet WRENDA ob l i ga t i on . 

Announcement has been made that the U. S. CINDA respons ib l i ty w i l l 
be transferred to NNCSC beginning 1 July 1974. 

The compiling of new data into CSISRS continues. In addit ion a 
program o f "completeness" checking with the o b j e c t i v e of f i l l i n g in 
"gaps" has commenced. This survey, in part , employs an interleaved 
CINDA-CSISRS f i l e and i s being used to upgrade both l i b r a r i e s . 

Related to the production o f BNL-325 a l ibrary of over 150,000 
experimental resonance parameter values has been created. 
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The above e f f o r t s were demanding o f NNCSC computer f a c i l i t i e s . A 
batch processing capab i l i t y has been implemented and allows f o r un-
attended evening and weekend operation. We have sustained as high as 
90% of capacity for two-week in te rva l s , evenings and weekends included. 

S t a t i s t i c s f o r data requested from NNCSC during a 6 month period 
are presented in Tables 1 and I I . Magnetic tape continues to be a 
favored r e t r i e v a l mode. Recently, we have f i l l e d requests by trans-
mitting v ia telephone l ine to user te l e type . 

2 . Publications 

BNL-325, Neutron Cross Sect ions , Third Edit ion Volume I has been 
published and d i s t r ibuted . This f i r s t volume cons is ts o f recommended 
resonance parameters, resonance proper t ies , thermal cross sec t i ons , 
and bibl iography. 

A dra f t o f a rev is ion of ENDF-102, Formats and Procedures Manual 
f o r the Evaluated Nuclear Data F i l e , has been written and i s being 
c i r cu la ted f o r comment. This has been d is tr ibuted to those individuals 
with r e s p o n s i b i l i t y f o r ENDF/B Version IV program development. 

Production of updates f o r ENDF-200 and 201 f o r ENDF/B-IV materials 
has begun as these evaluations become f i n a l i z e d . 

Library preparation and prototype copy generation has begun f o r 
BNL-325 Volume I I production. 
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Table C-l 

Evaluation (ENDF) 
Request S t a t i s t i c s 

July 1, 1973 - December 31, 1973 (6 months) 

1. Requests 

a) Number of requests 127 

2. Origin of Requests 

a) Government Agencies 12 
b) Educational Ins t i tut ions 32 
c ) Industry 14 
d) Foreign(includes Four-Center 5 

Members) 
e) CSEWG Members 64 

3. Mode of Requests(may be more than 
one per request) 

a) Magnetic Tapes 

b) Computer Listings 

c) Cards 

d) Plots 

e) Documentation 

f) Telephone 

49 
66 

59 
24 

25 
2 
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Table c -2 

Experimental (CSISRS) 
Request S t a t i s t i c s 

July 1, 1973 - December 31, 1973 (6 months) 

Requests 

a) Number of Requests 101 

Origin of Requests 

a) Government Agencies 6 
b) Educational Inst i tut ions 16 
c ) Industry(includes CSEWG members) 19 
d) Foreign 1 
e) Four-Center Members 17 
f ) National Laboratories ( includes 42 

CSEWG members) 

Mode of Requests(may be more than 
one per request) 

a) Magnetic Tapes 46 
b) Computer List ing 48 
c) Cards 0 
d) Plots 

e) Documentation 

f) Telephone 

g) Teletype 

10 
19 
4 
1 
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COLUMBIA UNIVERSITY 
Divis ion o f Nuclear Science and Engineering 

A. Neutron Resonance Spectroscopy 162>161+Dy (H.I. Liou, G. Hacken, 
W. Makofske, J. Rainwater, U.N. Singh) 

During our last run large amounts o f data f o r the separated Dy 
isotopes were c o l l e c t e d . Se l f ind icat ion measurements were made using 
the 39.57 m f l i g h t path. Transmission measurements were made using the 
202.05 m f l i g h t path with 16000 detec tor timing channels of 40 ns width 
above 1280 eV, and o f 2 , 4 , 8 , . . . times 40 ns widths at lower energies . 
Dysprosium, Z = 66, has seven stable i s o t o p e s , with A = 156,158,160,161, 
162,163, and 164. The mass numbers o f Dy isotopes occur c l ose to a 
r e l a t i v e maximum of the s strength function So and a r e l a t i v e minimum of 
the p strength function S^. They are there fore su i tab le f o r tes t ing the 
various s t a t i s t i c a l pred ic t ions concerning f luc tuat ions o f the adjacent 
l eve l spacings and the reduced neutron widths. 

Our measurements were made for a range of sample thicknesses for 
each of the spearated isotopes, 160,161,162,163,l6^ D y j while 1 5 6 D y and 
1 5 8 D y each have <0.05% impurity in any of these samples. The impurity 
of other elements is insignificantly small so all level-isotope assign-
ments can be made without ambiguity. We have reported the results for 
1 6 3 D y last year. The analysis for 1 6 2 » 1 6 i + D y has now been completed. 
Presented herewith are their level parameters and systematics. The 
data for 1 6 0 > 1 5 1 D y are being processed, and expected to be finished 
soon. 

Samples used have pr inc ipa l i so tope 1/n values (b/atom) o f 144, 
216, 652, 1310 f o r 1 6 2Dy, and 94 .9 , 142, 428, 856 f o r 161tDy. They are 
92.4% enriched in 162Dy and 95.7% enriched in 161tDy. Our conventional 
method o f area analysis was used to y i e l d r n values (and Ty in favorable 
cases) f o r each resonance. Level parameters, EQ and Tn, are obtained 
to 16 keV f o r 1 6 2Dy, and to 21 keV f o r 16l+Dy. They are l i s t e d in Tables 
A-1 and A-2. We obtain r y f o r 16 leve ls in 1 6 2Dy and 5 l eve l s in 16t fDy, 
which are a l l near the i r average va lues , 112 meV f o r 1 6 2Dy and 114 meV 
f o r 1 6 ^Dy. 

Figures la and lb give p l o t s o f the cumulative number o f resonances 
observed f o r 1 6 2»1 6 1*Dy. In f i gure lb two sets o f N vs E are given. The 
upper part i s f o r a l l observed 16ltDy l e v e l s , while the lower i s f o r 
leve ls considered to be &=0 through many s t a t i s t i c a l t es t s as described 
below. The indicated s l o p e s , <D>, are v i s u a l l y f i t t e d values , and do 
not represent our f i n a l choices s ince other considerat ions must a lso be 
included to es tab l i sh best choice f o r <D> values f o r s l e v e l s . The 
s e l f - i n d i c a t i o n capture data were most sens i t i ve f o r detect ing weak 
resonances, but with much lower energy reso lu t i on . They were not used 
f o r the energy region above 5 keV. This explains why the slopes o f the 
observed N vs E in f igures la and lb s tar t to decrease abruptly at 
^5 keV. 

Figures 2a and 2b g ive p l o t s o f £r n ° vs E. The stronger l e v e l s 
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dominate in such a p l o t , so the e f f e c t o f observed p l e v e l s and missed 
weak s l e v e l s i s r e l a t i v e l y unimportant. The s l opes shown in the 
f i g u r e s represent our b e s t cho i ces o f IO^SQ v a l u e s , being 1.88±0.25 f o r 
1 6 2 D y , and 1.70±0.25 f o r 161tDy. More weight i s given f o r the lower 
energy region due to the b e t t e r qua l i ty o f the data. 

The d i s t r i b u t i o n s o f observed ( I ^ 0 ) 1 / 2 values f o r 1 6 2 » 1 6 1 t Dy are 
shown in f i g u r e s 3a and 3b. Two upper energy l imi t s were chosen f o r 
each i s o t o p e case . The upper parts o f the experimental histograms were 
f i t t e d with a Porter-Thomas (P-T) s ing le - channe l curve which i s norma-
l i z e d t o the experimental SQ va lue . The f i t s f o r the two d i f f e r e n t 
upper energy l imi t s f o r 1 6 2 Dy o r 161+Dy y i e l d e s s e n t i a l l y the same value 
o f <D>. To cons ider f i r s t 1 or 2 histogram boxes i t i s shown that we 
miss many weak s l e v e l s to 10 keV f o r 1 ° 2 Dy, while we see even more 
ex t ra p l e v e l s a f t e r compensating missed weak s l e v e l s t o e i t h e r 5 or 
10 keV f o r 161+Dy. 

An estimate o f a threshold l e v e l strength vs energy f o r de te c t i on 
i n d i c a t e d that about 6 and 2 s l e v e l s would be expected to be missed 
f o r 1 6 2 Dy t o 4 .5 keV, and f o r 1 6 4Dy to 5 keV r e s p e c t i v e l y . For each 
o f a s e r i e s o f cho ices o f the p strength f u n c t i o n , a s i m i l a r c a l c u l a -
t i on was made o f the mean number o f p l e v e l s which should be detec ted 
in the above energy i n t e r v a l s . We found that the cho ices o f l O ^ S ^ l . ! 
and 1.3 correspond to a mean of 7 and 25 p l e v e l s expected to be 
detec ted in these energy i n t e r v a l s f o r 1 6 2 Dy and 161+Dy. These are 
c o n s i s t e n t with the P-T d i s t r i b u t i o n f i t s in f i g u r e 3a ( i . e . 71-70 = 
7 - 6 ) , and in f i g u r e 3b ( i . e . 57-34 = 2 5 - 2 ) . A Bayes' theorem t e s t was 
f u r t h e r used t o s i n g l e out 7 and 25 l e v e l s in these energy i n t e r v a l s 
f o r 1 6 2Dy and 161*Dy, which are most l i k e l y t o be p l e v e l s . They are 
ind i ca ted by the l e t t e r " a " b e f o r e the l e v e l energy in Tables A- l and 
A-2. A f t e r p l e v e l s being subtrac ted , we added 6 and 2 ex t ra s l e v e l s 
f o r 1 6 2 Dy and 161*Dy r e s p e c t i v e l y , at the midpoints o f the l a r g e s t 
adjacent l e v e l spacings t o account f o r the expectat ion o f missed weak 
s l e v e l s . Their l e v e l energ ies are 1186, 2735. 3019, 3459, 3732, and 
3954 eV f o r 1 6 2 Dy, and 3089 and 3935 eV f o r 16<*Dy. 

The f i n a l s l e v e l se ts were then t es ted using the Dyson-Mehta A 
s t a t i s t i c based on orthogonal ensemble (O.H.) theory . The value o f A 
i s the mean square dev ia t i on o f the s t a i r c a s e p l o t o f N vs E from a 
b e s t f i t s t r a i g h t l i n e . Figures 4a and 4b show the f i t s f o r 1 6 2Dy t o 
4 .5 keV and f o r 161fDy to 5 keV. One can compare Aexp = 0.'40 and 0.41 
with Atheory = 0 .42±0.11 and 0 .35±0.11 f o r l f e2Dy and 161tDy. Our f i n a l 
cho ices f o r <D> values were obtained from the A s t a t i s t i c f i t , being 

(64 .6±1 .9 ) eV f o r 1 6 2 D y , and (147±9) eV f o r 161tDy. We a l s o c a l c u l a t e d 
the c o r r e l a t i o n c o e f f i c i e n t pexp f o r the adjacent l e v e l spac ings . 
They are - 0 . 2 8 and - 0 . 3 3 in comparison with the O.E. t h e o r e t i c a l values, 
- 0 . 2 7 ± 0 . 1 1 and -0 .27±0 .16 f o r x®2Dy and 161tDy r e s p e c t i v e l y . 
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The comparisons o f the d i s t r ibut ions f o r the nearest neighbor l e v e l 
spacings with the Wigner formula are shown in f igures 5a f o r *62Dy and 
5b f o r 16 l fDy. I t i s made both f o r a l l observed leve ls and f o r the f i n a l 
s e l e c t ed s e t o f s l eve l s in the indicated energy i n t e r v a l s . The f i t s 
f o r the f i n a l se t s o f s l eve ls are somewhat improved and f a i r i f one 
considers the s t a t i s t i c a l f luc tuat i on due to the small number of leve l 
spacings. 

1/2 
Figure 6 gives the integra l (g l^ 1 ) d i s t r ibut i on f o r the 25 p 

l eve ls s e l e c t ed from the Bayes' theorem tes t f o r 161tDy. The two curves 
show the upper parts of the P-T d i s t r ibut i on using l O ^ = 1.3 and 1.4 . 
We assume 3 times as many p as s l e v e l s . In the curves drawn an 
e f f e c t i v e energy range of 4 .8 keV i s taken instead of a t o t a l 5 keV 
s ince observation of some p l eve l s would be blocked by the presence of 
the strong s l e v e l s . Our f i n a l choices f o r lO^Si are 1 .1±0.4 and 
1.3±0.3 f o r 1 6 2Dy and 1 6 4Dy respec t i ve ly . 
B. Neutron Resonance Spectroscopy, Calcium (U.N. Singh, H.I . Liou, 

J . Rainwater, G. Hacken, W. Makofske (Columbia), J .B. Garg (S.U..N. Y . , 
Albany) 
Transmission measurements on high pur i ty meta l l i c calcium samples 

were made during NVS 1970 run with a 202 m f l i g h t path. Four sample 
thicknesses , corresponding to 1/n = 1.413, 4 .207, 11.21, and 33.60 
b/atom of natural calcium were used. The reso lut ion of our system was 
0 .2 ns/meter. The main complication in the analysis re lated to the f a c t 
that i t i s more d i f f i c u l t f o r our 202 m detec tor to evaluate and to make 
proper energy and sample dependent background correct ions in the energy 
region above about 20 keV. This process was helped by the inc lus ion o f 
addit ional data using the "standard f i l t e r " (S .F . ) technique where 
measurements were made with various S .F . , with and without our th ickest 
Ca sample also present . This helps to es tab l i sh the Ca sample trans-
mission at the spec ia l energies where the S.F. introduce strong reso -
nance transmission dips in the counts vs E histogram ( f o r Co and Cu 
f i l t e r s ) or strong transmission peaks on the low s ide o f the strong &=0 
resonances where there i s a near cance l lat ion of po tent ia l and reso -
nance scat ter ing ( f o r iron S . F . ) . The S.F. were 3 - i n . Fe or 1/2 in o f 
e i t h e r Cu or Co. 

The a vs E behavior f o r thick sample i s shown in f igures 1 t o 3. 
Below 100 keV the points shown are averaged over many channels; above 
100 keV every channel i s p l o t t e d . The resonance peak cross sec t ions 
(where a » 1/n f o r thick sample) i s best represented by the thin 
sample data. These p l o t s show mainly the between-level cross sec t ion 
f o r natural Ca. The curves drawn serve only as a guide. The cross 
se c t i on data was analyzed between (1.5 - 550) keV, using the transmis-
s ion area analysis f o r weak leve ls and R-matrix mul t i l eve l shape 
analysis f o r strong s - l e v e l s . Tables B- l and B-2 show the resonance 
parameters obtained. 
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On the b a s i s o f resonance parameters s - and p-wave strength 
f u n c t i o n s f o r l f0Ca were obtained as f o l l o w s : 

lO* S0 = (2 .97 +_l'9Q5s-) 

1 0 4 s i - V o l ) 

C. Cross S e c t i o n , Resonance Parameters, and Strength Function o f 
Cerium-140 (G. Hacken, H . I . Liou, W.J. Makofske, F. Rahn, J . 
Rainwater, U.N. Singh) 
Transmission and s e l f - i n d i c a t i o n data f o r l l t0CeO2 samples (99.9% 

p u r i t y ) have been analyzed f o r the energy range 0 t o 63 keV to y i e l d 
cross s e c t i o n s and resonance parameters f o r 23 l e v e l s . The l e v e l s are 
w e l l r e so lved and analys is has determined, f o r each resonance, the 
parameters Eq (energy) and r n ° (the neutron width reduced t o 1 eV by 
t h e f a c t o r STemo ) . 

The r e s u l t i n g S,=0 strength f u n c t i o n , S 0 ) was found to be IO'+SQ = 
1 .4±0 .4 . The quoted uncerta inty i s s t a t i s t i c a l and i s based, conserva-
t i v e l y , on 23 l e v e l s , even though not a l l are n e c e s s a r i l y s - l e v e l s . The 
corresponding observed l e v e l spacing i s 2 .47 keV. E a r l i e r r e s u l t s (Duke 
1959) i n d i c a t e d only about f o u r . 1^°Ce peaks below 25 keV. The present 
data contain 13 l e v e l s to 25 keV, s t a r t i n g with a l e v e l at 2 .54 keV. 
These e a r l y r e s u l t s a l s o inc luded an estimate o f Sq f o r E ^ 28 keV, v i z . 
lO'+So - 1 . 0 . Our present data g ive 104S0 = 1 .8±0.7 f o r E ^ 28 keV (with 
lO^So = 1 .4±0 .4 f o r E ^ 63 keV). High r e s o l u t i o n has allowed a determi-
nat ion o f the o p t i c a l model s c a t t e r i n g length, R ' , f o r s e l e c t e d r e s o -
nances. The b e s t est imate i s R1 = (5 .5±0 .7 ) fm. 

D. Bias in F iss ion Fragment Detect ion Using Ion izat i on Chambers 
(F. Cohensedgh, J . P . F e l v i n c i and E. Melkonian) 

In the Columbia f i s s i o n cross s e c t i o n measurements thin (^100ug/cm2) 
f i s s i l e targets and s o l i d s t a t e de te c to rs were used t o obtain good pulse 
he ight d i s t r i b u t i o n s . These measurements have c o n s i s t e n t l y demonstrated 
d i f f e r e n c e s in pu lse height d i s t r i b u t i o n from resonance t o resonance and 
y i e l d d i f f e r e n c e s in f i s s i o n cross s e c t i o n s when compared to i o n i z a t i o n 
chamber measurements. The study o f such cross s e c t i o n v a r i a t i o n s neces -
s i t a t e d the search f o r p o s s i b l e b iases in the f i s s i o n fragment d e t e c t i o n . 

By using accepted range energy r e l a t i o n s , ion-chamber pulse he ight 
responses were c a l c u l a t e d f o r varying fragment emission energy, target 
th i ckness , chamber p l a t e spacing and gas pressure . Subsequently, the 
extent o f fragment energy dependence o f e f f e c t s o f a l ow-se t alpha b ias 
was determined as a func t i on o f chamber parameters. 

I t i s known that when using a th ick t a r g e t , a l ow-set b ias d i scr im-
inates against more o f the low-energy fragments than the high-energy 
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fragments. This p r e f e r e n t i a l b ias i s due to two d i s t i n c t e f f e c t s : 
a) energy losses in the beginning o f the track are greater f o r low-energy 
fragments than f o r high-energy fragments, and b) due to i t s shorter 
range, a low-energy fragment has a smaller geometric p r o b a b i l i t y o f 
surfacing in to the chamber gas than a high-energy fragment. While the 
f i r s t e f f e c t increases rapidly with increasing target thickness , the 
second e f f e c t becomes important only at target thicknesses greater than 
500 yg/cm2 . 

Energy loss charac ter i s t i c s o f f i s s i o n fragments in d i f f e r e n t media 
have been extens ive ly studied by 0 . Lassen and by Lindhart. In our 
analysis the i r resu l ts were used together with the formulations o f the 
e l e c t r o s t a t i c s o f ion chamber detect ion to obtain pulse height response 
d i s t r ibut i on o f mult ip le -p late i on izat ion chambers t o f i s s i o n fragments 
in the 50-110 MeV energy range. 

Figure D-l demonstrates schematically the formulation of pulse 
height formation in the nongridded chamber. I t i s noted that the value 
of a pulse height i s the product of the port ion o f fragment energy d i s -
s ipated in i on iz ing the chamber gas and the f r a c t i o n of p late -spac ing 
distance t r a v e l l e d by the centroid of i on izat ion in tens i ty along the 
fragment path. Figures D-2a and D-2b show the pulse height response o f 
a chamber having a 3 cm p late spacing t o monoenergetic 50 MeV and 100 
MeV fragments (range o f fragments at STP argon i s 1.8 an and 2 .7 cm 
r e s p e c t i v e l y ) . Figures D-3a and D-3b show the corresponding responses 
o f a 1 cm chamber to the same fragments. The lower-energy peak in the 
l a t t e r i s due t o the f a c t that the p late spacing i s smaller than fragment 
range in the chamber. Figure D-4 shows the f i lm escape p r o b a b i l i t y f o r 
d i f f e r e n t target thicknesses as a funct ion of fragment energy. Figure 
D-5 shows the percentage of median high and low energy fragments discr im-
inated against due to d i f f e r e n t b ias leve ls as a funct ion o f target 
thickness . Figure D-6 shows the var iat ion o f the e f f e c t o f a low-set 
bias on the chamber as a funct ion of fragment emission energy and target 
thickness f o r d i f f e r e n t b ias l e v e l s . 

These resu l ts indicate that f o r those resonances which have lower 
than average fragment energ ies , the i on izat ion chamber measurements w i l l 
introduce a certain b i a s , thus modifying the cross s e c t i o n . 

We have checked our ca lcu lat ions against published ion izat ion chamber 
e f f i c i e n c i e s f o r a certain conf iguration of target thickness, p late 
spacing, and gas pressure and have found very good correspondence. This 
gives us confidence in our program o f using thin target data to correct 
f i s s i o n cross sec t ions measured by using thicker targets . 
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E.Cross Section vs Energy with Energy Intervals Determined by-
Resolution (J. P. Felv inc i and E. Melkonian) 
In most t i m e - o f - f l i g h t measurements, the detected counts are stored 

at constant time width channels f o r preset time intervals during the 
burs t . Starting at time zero with the b a s i c time reso lut ion o f the 
system, the detected counts are stored at this reso lut ion unt i l such 
time that the time reso lut ion i s too good in comparison with other 
i n t r i n s i c reso lut ion l imitat ions of the system (usually slowing down 
and Doppler e f f e c t ) , at which time the channel width i s increased by 
a power of two. Recording then continues unt i l the time reso lut ion 
i s again too good at which time the channel co l laps ing process is 
repeated. This continues f o r the duration of the burst . 

In recording our f i s s i o n y i e l d data, both at NEVIS and at ORELA, 
we have a b a s i c time channel width of 12.5 or 20 nsec , depending on 
which of two systems we use. However, we record a l l of our data event-
by-event on magnetic tape at the b a s i c reso lut ion without co l laps ing of 
channels, except f o r histograms formed f o r l imited time intervals 
f o r monitoring purposes. Thus, a l l o f our data e x i s t on magnetic tape 
at the maximum reso lut ion o f the system. Until r e cent ly , we co l lapsed 
the channels subsequently by fac tors of two t o get the time reso lut ion 
appropriate f o r each neutron energy region studied. 

The obvious l imitat ion of the above procedure i s that i t i s d i f f i -
cu l t t o t rea t extended energy intervals without having the channel width 
not quite small enough at the high energy ends and too large on the low 
energy end. 

We have recent ly devised a method of taking advantage of the e x i s -
tence o f a l l o f our data at maximum reso lut ion to form a y i e l d h i s t o -
gram in which the energy interva l at each point i s d i r e c t l y re lated to 
the i n t r i n s i c reso lut ion at that energy. Considering only broadening 
by slowing down and by Doppler (the i n t r i n s i c channel width introducing 
only a small contr ibution except at the highest energies) we have chosen 
t o take the energy interva l as one fourth of the i n t r i n s i c energy reso -
lu t i o n . Thus, a resonance narrow in natural width compared with the 
reso lut ion would be out l ined by four points above the ha l f maximum 
height l e v e l . A larger natural width would of course have more po ints . 
This feature i s true at a l l energies . Thus, the ent i re energy spectrum 
can be represented by one continuous histogram with the appropriate 
reso lut ion at each energy po in t . 

The i n i t i a l motivation f o r th is procedure was to f ind a method o f 
putting on a common bas is data taken at various times, with d i f f e r e n t 
f l i g h t paths and with d i f f e r e n t delay times, so that they could be 
combined f o r improved s t a t i s t i c a l accuracy. However, this method has 
proven t o be very valuable in displaying and studying the data s ince 
one always knows the energy reso lut ion at each po int immediately and can 
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e a s i l y compare various sets o f data b e f o r e combining them. Figures 
F-3 and F-5 show examples o f this type of histogram. 

We have developed computer programs to form and plot this type of 
histogram, to analyze the data into the component resonance levels, and 
to investigate the resonances in terms of the fission fragment energy 
distributions. (The fission fragment pulse height is recorded in addi-
tion to the neutron time-of-flight for each event.) 

F. Pulse Height Distr ibut ions in F i s s i l e Nuclei (J .P. Fe lv inc i and 
E. Melkonian) 
In the past year we have performed an experiment at the ORELA 

f a c i l i t y in order to continue our invest igat ion i n t o the e f f e c t s o f 
f i s s i o n fragment pulse height d i s t r ibut ions on the neutron-induced 
f i s s i o n cross s e c t i o n s . We have already reported on s imi lar exper i -
ments performed at the Columbia University NEVIS synchrocyclotron (CONF-
710301, v . 2 , p .855, 1971). 

Due to the great care of co l l imation at ORELA and also the d i f f e r -
ent charac te r i s t i c s o f the machine, the beam-associated neutron back-
ground was very low and thus we succeeded in v e r i f y i n g some o f our 
e a r l i e r , par t ly marginal r e s u l t s . 

The experiment consisted o f measuring the time o f f l i g h t (TOF) of 
neutrons i n i t i a t i n g f i s s i o n and the f i s s i o n fragment pulse height . 
These were recorded event-by-event on a magnetic tape through the PDP-8 
computer. The TOF unit had a b a s i c channel width o f 12.5 nsec and 
could accomodate four independent detec tors . The f i s s i o n fragment d i s -
t r ibut ion was d i g i t i z e d by a 256 channel ADC. 

The four targets used were: ^20 yg/cm2 2 2 9 Th, 117 yg/cm2 2 3 3 U, 
100 yg/cm2 2 3 5 U, and ^40 yg/cm2 2 3 9 Pu. Each o f these targets was viewed 
by a 4 cm2 area s o l i d s tate detec tor whose leakage current was continu-
ously monitored t o detect gain d r i f t s due t o radiat ion damage. The 
pulse height d i s t r ibut i on was s a t i s f a c t o i y as shown f o r 2 3 3U in Fig. F - l . 

In addition a BF3 detector and a thin 10B detector were used f o r 
the determination of the neutron f l u x . 

The advantage of th is type o f measurment i s that the f i s s i o n f r a g -
ment spectrum i s not d i s t o r t e d . This same advantage resul ts in a dis-
advantage that small , thin targets have to be used, lowering che count-
ing ra te . When the t o t a l f i s s i o n cruss sect ion i s subdivided in to 
p a r t i a l cross sect ions the number o f counts in some resonances i s quite 
small . 

In order t o claim an e f f e c t we e i ther need a large d i f f e r e n c e in 
the p a r t i a l cross sect ions or we have t o use sophis t i cated s t a t i s t i c a l 
analysis of the data. We developed several ways o f doing t h i s . We 
e i ther treat a l l of the fragments and ca lculate average energy and 
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average width for the distribution for every resonance or we display the 
individual partial cross sections and search for correlations between 
them as a function of TOF. We can also use single level analysis on the 
partial cross sections to search for differences in the areas of the 
resonances. 

Most of our time has been spent in developing computer programs for 
the analysis of the data and detailed results are going to be available 
soon. We can already make the following preliminary, qualitative obser-
vations : 

a) The cross sections vs energy of each of the four nuclei show 
variations depending on the pulse height. 

b) Using partial fission cross sections corresponding to different 
energy fragments, several small levels have been identified and some 
large levels have been split. 

c) Shoulders of large resonances considered interference effects 
often show different pulse height behavior than the resonance itself. 
This suggests either a bona-fide level or a pulse height dependent 
interference effect. 

d) These observations could lead to resolve the "quasi-" or mixed 
resonances discussed in detail by Lynn. 

For 2 3 3 U , partial fission cross sections from 1 to 15 eV and 15 to 
30 eV are shown in Figures F-2 and F-4 respectively. These curves are 
for the fission fragments in the low energy peak; they are plotted for 
increasing fragment energies. The corresponding total fission cross 
sections are shown in Figures F-3 and F-5. Relevant features of these 
partial fission cross sections are: 

a) Several small resonances are visible which show excitations in 
the low energy and symmetric region, fading in between. Some large 
resonances are shown to consist of two levels, the proportion of which 
changes depending on the pulse-height cuts. These levels are marked 
with an arrow on the plots. 

b) It can be seen that the 16 eV group consists of three levels 
and not two as listed in BNL-325, similarly the 22 eV doublet is really 
a triplet. 

The effects are quite large at the 29 eV group where one can see 
one of the resonances growing compared to the other one. It can also 
be seen from the figure that the 20.6 eV level is split, has two com-
ponents, at 20.6 and at 20.8 eV. The 19.0 eV level has a definite 
shoulder and at lower pulse heights it is obvious that another level is 
present at around 19.3 eV. Similar effects can be seen at the 10.4 eV 
level and at the 13.8 eV group. 
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G. Capture Resonance Parameters of Thulium-169 and Rhodium-103 
(J. Arbo, J. Felvinci, E. Melkonian, W. W. Havens, Jr.) 

Resonance capture data for 2 3 8 U , 2 3 2 T h , 1 6 91to, 1 0 3 R h , and 1 9 7 A u was 
measured in 1970 at the Nevis synchrocyclotron using an array of Moxon-
Rae detectors 1. This data set was the basis of preliminary values of 
E n and C J QTY reported for thulium and rhodium, normalized to gold 2* 3 and 
was used collaterally in final reports of resonance parameters for 2 3 8 U 
and 2 3 2Th l f. However, some of the resonance yield peaks in this data set 
show slight anomalies in the fool of "tailing" or "ghost peaks" on the 
lower-energy side of the resonance. 

"Hie anomalies certainly are not real, in the sense that they do not 
represent actual resonance properties of the sample nuclide. But 
attempts to associate the anomalies reliably with known detector-depen-
dent or beam-dependent factors have been inconclusive. In order to test 
whether the cause of the anomalies was intrinsic to the detectors, 
resonance capture measurements were repeated for Tm and Au in November 
1973 at the ORELA facility (through the courtesy and assistance of 
Dr. J.A. Harvey). This test was a satellite experiment to the fission 
cross-section measurement described in section F of this report. 

The detector array and gold samples used at ORELA in November 1973 
were the same as those used at Nevis in 1970. The thulium samples were 
similar. The anomalies seen in the Nevis data are not seen in the data 
taken at ORELA. In addition, the measurements at ORELA were made at 
higher energy resolution (80mvs 33 m), and have somewhat improved peak/ 
background ratios, relative to the Nevis data. Therefore, results to be 
reported subsequently for thulium resonance parameters will be based on 
the recent ORELA data, supported by the 1970 Nevis data where there is 
clear agreement between the two data sets. Further reports of rhodium 
resonance parameters based on the 1970 Nevis data will only follow 
careful comparison between the Nevis and ORELA data for thulium and gold. 

References: 

1. Progress Report, Div. of Nucl. Sci. § Engr., Columbia U., 1970. 
2. USNDC-7, 1973 
3. USNDC-3, 1972 
4. Phys.Rev.C 6,1854 (1972) 
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E (eV) r n(meV) r Y E (eV) r n(meV) 

5.54+0.02 2213 2526.8+0 7 220+30 
71.10±0.20 410120 125+15 2576.2+0 7 170125 

117.22±0.11 10.210.7 120+15 2673.410 8 700+100 
207.97±0.26 26+2 105+15 2796.8+0 8 2700+400 
223.29±0.15 3713 115+15 2847.610 9 790+120 
269.36±0.20 650150 2885.910 9 1100+160 
357.02±0.30 2612 105+20 2944.210 9 150130 
412.75±0.37 150115 100120 2957.2+0 9 154130 
470.32±0.45 8.011.0 a3028.9+4 7 18+10 
529.83±0.27 280+30 120+20 3080.814 8 42120 
632.80±0.70 15501200 3183.4+1 0 120+30 
685.96±0.40 450+30 110125 3243.8+1 0 7401100 
716.47±0.42 580+50 130+25 a3270.9+5 2 18112 
766.4210.47 870+80 3327.3+1 1 260+40 
866.60±0.56 2500+200 3363.911 1 230+40 
952.0810.33 195120 110+25 a3513.815 8 26+15 
1005.210,4 51+7 112120 3554.411 2 2400+300 
1066.5+0.4 3116 3624.016 1 35+25 
1110.6±0.4 260130 108+25 3666.0+1 2 510+70 
1261.410.5 840+90 3798.911 3 2900+400 
1360.210.3 130+20 110+25 3894.6+6 8 39+25 

a1387.511.5 4.8+2.5 a3966.917 0 26118 
1431.610.3 1500+200 4012.7+1 4 1400+200 

a1483.311.6 7.514.0 4081.8+1 5 14001300 
1526.2+0.3 220+30 105+25 4096.111 5 390+100 
1567.310.4 620170 4114.9+1 5 26001400 
1680.7+2.0 13+4 4239.011 5 8301120 
1724.5+0.4 110+15 115+30 4273.311 6 520+80 
1794.9+0.4 18+6 4393.511 6 210160 
1835.310.5 220130 110+30 4452.3+1 7 2100+300 
1935.9+0.5 930+100 4554.913 4 70145 
1950.212.4 72+18 4657.018 9 98160 
2003.210.5 270140 4785.611 8 480180 

a2047.6l2.6 9.2+4.6 4844.619 5 130180 
2081.5+0.5 180+30 5032.212 0 430170 
2181.4+0.6 76+15 5084.412 0 1200+200 
2240.910.6 9501120 5159.712 1 46001700 
2275.6+0.6 790+90 5234.612 1 6501120 
2341.5+0.6 770190 5375.312 2 250150 
2363.410.7 420160 5502.712 3 12001250 
2492.6+3.5 42+15 5518.4+2 3 9701200 
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TABLE A-l (continued) 
162Dy 

E (eV) r (meV) 
n 

E (eV) T n(meV) E(eV) r n(meV) 

5616. 2±2. 3 6500±900 7925.8+3. 9 6201300 1125817 17001500 
5679. 0±2. 4 570±170 8130.614. 0 52001900 1173917 3000+900 
5733. 3±2. 4 2000+300 8236.014. 1 770+350 1181317 18001600 
5776. 3±2. 4 830±200 8333.014. 2 9701400 1201217 27001800 
6057. 9±2. 6 2400+500 8450.514. 3 40001800 1240418 5600+1000 
6076. 0±2. 6 6001180 8729.914. 5 1500+400 1256418 830011800 
6099. 4±2. 6 500±160 8946.114. 7 40001700 12626+8 32001800 
6217. 2±2. 7 13001200 9084.314. 8 12001300 1291818 380011000 
6353. 5±2. 8 700±200 9296.614. 9 550011000 1316318 290011000 
6545. 0±2. 9 12001300 9488.515. 1 49001900 1319618 4000+1500 
6591. 7±3. 0 7001200 9657.8+5. 2 2600+500 1337219 970012000 
6704. 5±3. 0 7301250 9720.515. 3 1100+300 1372619 3700+900 
6896. 4±3. 2 4001150 9834.315. 4 1300+400 1405319 30001800 
6964. 3±3. 2 8601300 9923.015. 4 1000+300 1421919 460011300 
7060. 8±3. 3 33001500 10276+6 5900+1200 14671110 6500+2000 
7142. 7±3. 3 860+300 1035916 18001800 14848110 690012000 
7460. 4±3. 6 4101200 10546+6 970+600 15068+10 840012600 
7590. 9±3. 7 560011000 1064216 2400H000 15298+11 480011600 
7643. 7±3. 7 31001600 10772+6 1100+600 15534+11 370011300 
7745. 4+3. 8 2100+400 1095617 31001900 15814+11 5400+1700 
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TABLE A-2 
16<*Dy 

E (eV) r n(meV) rY E (eV) r n(meV) 

146.97+0.32 830±50 
a
3460.5±l.1 56±12 

a
227.57+0.38 0.36±0.18 3480.6±1.1 1900±300 
450.41+0.42 250±20 110+20 3520.3±1.2 70±14 

a479.39+0.59 1.6±0.5 a3621.0+6.1 17±10 
536.30+0.28 115+10 120±20 3734.4±1.3 760±100 
548.76+0.28 6.9±0.8 

a3911.6±6.9 34±20 
S740.91+0.56 3.0±1.5 

a4095.8±7.3 60±40 
804.24+0.50 8.9+1.0 4135.2±1.5 490±80 
853.89+0.55 550+50 4231.5±1.5 2200±300 

a925.90+0.80 3.0±1.0 
a4348.8±8.0 51±35 

a940.98+0.81 5.0±2.0 
a4389.2±8.1 29+29 

983.06+0.34 118+14 120±25 4445.8+1.6 50001700 
1052.0+0.38 230+30 105±25 4757.6±3.6 140±60 
1207.7+0.46 710+80 4780.1+1.8 1500±250 

a1286.5+1.3 4.2+2.5 4810.1+1.9 10800+1600 
1323.6+0.5 920+100 

a4916.0±1.9 85±30 
aT405.8+1.5 6.5+1.5 4954.9+1.9 170±50 
a1567.4+1.8 9.8±2.3 5169.9+2.0 20501400 
1588.1+0.4 220±30 115±25 5211.9±2.1 13000+2000 
1644.7+1.9 23+4 5592.1+2.3 16001300 

a1709.0+0.4 9.9+2.5 5702.5+2.4 240170 
1896.240.9 2000+300 5923.2±5.0 10500+2000 
1960.2±0.5 1220+150 6096.8±2.6 18301400 

a2038.7+0.5 29±6 6109.8±2.6 2100+400 
2065.9+2.6 46±10 6280.7±2.7 690011000 

a2250. 7+3.0 8.3±4.0 6444.7+2.9 2300+350 
a2285.1+0.6 31±6 6621.1±3.0 3800+600 
2319.3±0.6 1900+300 6854.2±3.1 1150+170 

a2352.6+3.2 8.0+6.0 6996.3±3.2 9701200 
2395.8+0.7 420±60 7432.3±3.5 39001600 
2356.6±0.7 650±90 7695.2±3.7 760011200 

a2723.2+4.0 27±9 7958.7±3.9 9301200 
a2804.4+4.2 16±6 8090.6±4.0 3100+500 
2871.9+0.9 2500±400 8252.4±4.1 44001700 
2968.7+0.9 3200±400 8368.6±4.2 3701150 

a3048.2+0.9 17+8 8763.5±4.5 7601180 
a3100.0+4.8 19±8 9358.3±5.0 11001300 
3209.0+5.1 53±14 9400.5±5.0 14501300 
3281.6+1.0 220±30 9702.1±5.2 2400+400 

a3416.8+5.6 47± 12 10974 ±6 690011000 
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TABLE A-2 (continued) 
16fDy 

E(eV) rn(meV) E(eV) r (meV) n 
1153017 680011000 15846111 21001600 
11753±7 33001500 16179111 570011100 
11890±7 21001400 17194113 37001900 
1241118 940011600 17744113 18001600 
1289418 19001500 17900113 2300014000 
1294218 600011200 18212114 550011100 
1306018 3000015000 18307114 450011400 
13280+9 39001800 18368114 1300013000 
1346619 27001500 18637114 620011800 
1376219 26001500 18685114 1100013000 
1407619 17001500 19127115 640011300 
1414119 790011600 19295115 660011400 
1429819 26001600 19728115 420011300 
14690110 840011600 19804115 940012800 
14882+10 42001900 20317116 650011800 
15335111 43001900 20573116 630011800 
15455111 630011200 20917117 9100+3000 
15550111 43001900 21151117 940013000 
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Table B-l 

Resonance parameters (using transmission area analysis) for 
levels (mainly weak) observed in neutron interaction with 
natural calcium below 550 keV. 

E0(keV) A X J agrn(eV) 

10.827 - 0.006 40 (1) 0.65 ± 0.15 
20.404 ± 0.016 40 (0) 6.0 ± 1.0 
37.43 t 0.04 3.0 + 1.5 
42.04 t 0.05 40 (0) 0.85 ± 0.20 
52.00 ±0.20 44 25 ± 5 
82. 55 ±0.10 17 ± 8 
84.80 ± 0.14 40 1 3.4 t 0.7 
88.75 t 0.15 40 0 1/2 140 ± 30 

90.93 t 0.15 40 1 9 ± 2 
101.0 ± 0.2 40 1 17 t 4 
102.0 t 0.4 40 t 10 

121.3 t 0.2 40 1 14 ± 4 
145.1 ± 0.3 40 1 170 ± 40 
151.0 ± 0.3 40 1 23 + 5 
160. 5 ± 0.4 40 1 26 ± 6 
185.1 ± 0.4 40 1 29 + 6 
210.2 ± 0.5 40 1 180 t 40 
229.1 ± 0.6 40 1 300 t 60 
385.0 ± 1.3 40 1 450 t 90 

466.3 ± 1.8 40 1 450 ± 100 

476.1 ± 1.8 40 1 600 ± 125 
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Table B-2 

Parameters for strong neutron levels observed in natural 
calcium in the energy region 100 - 550 keV using R-matrix 
multi-level shape analysis. The values in last column are 
Duke group results and are given for comparison. 

E 0 (keV) A £ J Tn(keV) rn°(eV) Duke Group 
T n (keV) 

131.60 40 0 1/2 3.174 8.748 2.540 
168.57 40 0 1/2 2.437 5.936 2.490 
216.15 40 0 1/2 7.366 15.84 7.800 
241.80 40 0 1/2 19.973 40.62 18.500 
290.95 40 0 1/2 1.798 3.333 2.400 
326.35 40 0 1/2 14.160 24.79 14.0 
354.50 40 0 1/2 1.612 2.708 2.0 
435.00 40 0 1/2 8.243 12.50 9.5 
501.50 40 0 1/2 8.113 11.46 8.0 
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TABLE C-l 
Resonance Parameters f o r Cerium-140 

E0 (eV) Fn(eV) rn°(meV) 
2543.4±0.7 .561.03 11.1+0.6 
6005.8±2.5 .831.02 10.710.3 

6779±3 .1141.010 1.4+0.1 
8393±4 .941.02 10.3+0.2 
9574±5 39+2 400+20 

11235±6 .471.03 4.410.3 
11433±7 13.51.5 12615 
12477±8 2515 224140 
14019±9 .591.02 5.010.1 
16142±11 4.0+.5 3114 
16427±12 1.751.10 13.710.8 
18168113 6012 445115 
21626117 450+50 3060+340 
24792±21 70120 4451130 
28209126 5515 327130 
30698129 11.5+1.0 6616 
38247141 85+25 4351130 
41982147 260+30 1270+150 
49504+60 5515 247122 
53198+67 32+3 140115 
55272171 220120 936185 
60368181 80+4 326+16 
62967+87 82+4 327+16 
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Figure D-5 
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Figure F- l Pulse height distribution of U233 
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Figure F-2 U 2 3 3 partial fission cross sections from 1 eV to 15 eV. 
The curves are plotted for the low energy fission 
fragments peak and are in order of increasing energies. 
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Figure F-3 U total fission cross section from 1 eV to 15 eV. 



Figure F-4 u2 3 3 partial f iss ion cross sections from 15 eV to 30eV. 
The curves are plotted for the low energy f ission 
fragments peak and are in order of increasing energies. 
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INTELCOM RAD TECH 
San Diegp, Ca l i f orn ia 

A. NEUTRON CROSS SECTIONS 

1. Measurement of Gamma-Ray Production Cross Sections f o r Nitrogen 
(V. Orphan, V. Rogers, C. Hoot, and V. Verbinski) 

Measurements of the gamma ray production cross sect ions of n i t r o -
gen, discussed in the last USNDC report , have been analyzed f o r the d i s -
crete gamma-ray component. Production cross sect ions f o r the 2.313, 
4.913, 1.632, 5 .106, and 2.793 MeV gamma rays are shown in Figures A- l 
through A-3. Previous experimental values are a lso given in the f i gures . 
The curves shown in the f igures are from a previous evaluat ion.1 Table 
A- l l i s t s the preliminary values f o r a l l d i s cre te gamma rays observed in 
the present measurements. Errors assigned to the cross sect ions are also 
noted in the tab le . 

An i n i t i a l analysis of the continuum-plus-discrete components 
obtained by unfolding the gamma-ray spectra , reveal a s i gn i f i cant cont in -
uum component f o r the high incident neutron energies . Final unfolded 
data w i l l be obtained subsequent to a further determination of the low 
gamma-ray energy background presently under invest igat ion . 

2. Measurement of Gamma-Ray Production Cross Sections f o r S i l i con 
and Copper. (V. Rogers, V. Orphan, C. Hoot, V. Verbinski, and 
D. Coste l lo ) 

I n i t i a l measurements of the gamma-ray production cross sect ions 
f o r s i l i c o n and copper have been performed using the Rad Tech Linac 
pulsed neutron source. Preliminary data have been obtained with the 
Ge(Li) spectrometer system f o r gamma rays with energies between 200 keV 
and 11 MeV over the neutron energy range from 0.5 to 20 MeV. Analysis 
of the data i s s t i l l in progress. 

3. Measurements of the 6 Li (n ,q )T and the 1 0 B(n ,a ) 7 Li Cross 
Sections f o r Neutron Energies from 1 to 1500 keV 
(S. Friesenhan) 

The f i n a l resul ts of the measurements of the -'-®B(n,ao+ai)^Li, 
10B (n ,a i )^Li* and 6 L i (n,ot)T cross sect ions from 1 to 1500 keV have been 
r e p o r t e d . 2 The f i n a l c ross - sec t i on data are also avai lable in punched 
card form. 
1 P. G. Young and D. G. Foster , Jr. "An Evaluation of the Neutron and 

Gamma Ray Production Cross Sections f o r Nitrogen", LA-4725 (Sept. 1972). 
2 S. J. Friesenhan, V. J. Orphan, A. D. Carlson, M. P. Fricke, and W. M. 

Lopez, "The (n,a) Cross Sections of 6 Li and Between 1 and 1500 keV," 
Intelcom Rad Tech report INTEL-RT 7011-001, Feb. 20, 1974). 
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Table A- l 
NITROGEN (n,xy) CROSS SECTIONS FOR DISCRETE LINES (mb)g 

E n (MeV) 

E v 
(MeV) 

^"thres 
(MeV) 

2. 007 
3. 016 

3. 
4. 

016 
025 

4. 
5. 

025 
045 

5. 04 5 
6. 065 

6. 065 
7. 088 

7. 088 
8. 116 

8. 1 16 
9. 147 

9. 147 
10. 181 

10. 1 81 
12. 262 

12. 
14. 

262 
358 

14. 358 
1 7. 350 

17. 350 
20. 738 

0. 728 6 25 4. 9 19. 0 17 7 22 5 20 9 14 7 17. 6 2 1 . 5 

1. 632 4 23 26 1 43. 4 83. 4 79. 6 60 4 46 2 36. 4 31 3 16. 5 17. 0 

2. 124 2 44 0 . 9 1 2 28 . 8 55. 9 b 16. 3 37. 2 16 4 17 8 13 8 17 0 8. 5 8. 2 

2. 313 2 I 48 3. 7 8 7 36 2 61. 5 85. 9 117. 8 94 5 87 0 83. 0 57 1 36. 7 17. 9 

2. 500 6 90 1. 0 2 8 2 5 2 2 2 0 1 . 3 1 . 3 

2. 792 5 48 1. 8 4. 2 13. 2 11 6 12 4 12 2 11 8 11'. 3 1 1 . 8 

3. 378 6 09 4. 0 1 1 . 4 12 6 14 7 13 5 7 5 14. 2 8. 7 

3. 684 9. 65 11 5 29. 4 36. 8 27. 8 

3. 854 9 83 5 7 7 8 20. 1 23. 7 

3. 894 6. 65 2 . 9 2. 8 4. 7 4. 0 3 8 3. 6 4 . 9 
4 . 4 4 4 h 4. 92 0. 8 7. 0 40. 8 17. 2 13. 8 27. 4 34 6 40. 0 39. 3 

4. 91 3 5. 25 4. 8 12. 9 9. 0 8. 6 6. 8 5. 9 6 2 7. 5 8. 7 

5. 105 5. 48 5. 4d 15. 0C 37. 3 34. 8 33. 2 21. 3 36. 7 33. 8 35. 7 

5. 691 6. 09 4. 4 6. 5 6. 8 4. 9 7 5 4. 1 2 . 4 

5. 833 6. 25 2. 0 7. 2 4. 5 6. 5 5. 6 6 3 6. 7 8. 0 

6. 087 5. 85 1 . 4 3. 6 3. 9 4. 5 7. 8 6. 5 6. 1 

6. 198 6. 64 1 . 2 3. 2 1. 6 3. 1 - -

6. 444 6. 90 5. 8 15. 4 16. 7 12. 4 12. 0 1 1 . 7 4. 7 

6. 728 6. 52 2. 1 3. 7 8. 2 13. 7 18. 2 9. 9 10. 2 

7. 028 7. 53 2. 7 8. 7 18. 3 18. 5 24. 6 2 6 . 6 22. 6 

a ± 10% c ± 20% e ± 7 0 % § Obtained by multiplying cr (0= 125°) data by 4 tt. Errors are as signed 
13 ±15% d ± 30% f ±100% as follows unless specifically noted otherwise: a for > 4 0 mb, b for 

31 -40 mb, c for 21 -30 mb, d for 11 - 2 0 mb, e for 5 - 1 0 mb and f 
for < 5 mb. 

^Includes E^ = 4 . 439 MeV from 1 4 N (n, ty ) 1 2 C above E„=9. 05 MeV 
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The l^B(n,ao+ai)^Li resu l ts are in f a i r agreement with the 
ENDF/B-III evaluation as shown in Figure A-4. The most notable d i s -
agreement i s the more prominent resonance at 450 keV and the more rapid 
decrease of the cross sect ion above the resonance. 

In the case of the ^Li data, the 250-keV resonance also appears 
sharper than in previous measurements, and the peak cross sect ion i s 
s i g n i f i c a n t l y higher than any previous measurement. Figures A-5 and A-6 
show the n,a)T cross sect ion resu l t s compared with previous de te r -
minations. 

The l^B and ^Li interact ions were observed simultaneously in an 
ion chamber designed to minimize bias e f f i c i e n c y and mul t ip le - s cat ter ing 
correc t i ons . This allowed a very prec i se 10 B / 6 L i c r o s s - s e c t i o n r a t i o , 
shown in Figure A-7, to be obtained. 

The present measurements were performed with a fast ion chamber 
at the end of a 226-meter f l i g h t path. Thus, the energy reso lut ion i s 
probably superior to that of ex i s t ing measurements. In addi t ion , the 
cross sec t ions were normalized at 4 keV, thus avoiding the need f o r 
detector thickness assay. The f l u x measurements were performed with a 
methane- f i l led proport ional counter using a four-parameter computer-
based data acquis i t i on system to observe p r o t o n - r e c o i l events. In th is 
way the resu l t s could be based d i r e c t l y on the well-known hydrogen s c a t -
ter ing eross se c t i on . 

B. INTEGRAL EXPERIMENTS 

1. Integral Measurements to Test Neutron Scattering and Gamma-Ray 
Production Cross Sections of Be,C,N,0, and Fe. (L. Harris , J r . , 
J. C. Young, D. K. Steinman, N. Lurie , and W. E. Gober) 

A method of obtaining an accurate gamma-ray response matrix f o r a 
2 inch x 2 inch NE-213 detector has been developed. This response matrix 
i s required f o r unfolding the secondary gamma-ray spectra obtained f o r a 
number o f incident-neutron energy interva ls between 1.5 t o 20 MeV. A 
three-dimensional Monte-Carlo code was used to ca l cu late the gamma-ray 
response f o r a s e r i e s of monoenergetic gamma rays. Figures B - l to B-3 
demonstrate the exce l l ent agreement obtained between calculated responses 
and measured responses f o r gamma rays from 1-^Cs (662 keV) , 22jja (511 an<j 
1275 keV) and 16N* (6128 keV). Having demonstrated the v a l i d i t y of the 
method of ca l cu lat ing the NE-213 gamma response, the complete gamma 
response matrix w i l l be ca lculated and used to unfold ex is t ing secondary 
gamma-ray production data. 
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2. Integral Concrete and Steel Shielding Experiment (L. Harris , J r . , 
J. C. Young, D. K. Steinman, L. ShMnzler, and W. E. Gober) 

The data acquis i t ion f o r th is integra l shie lding experiment was 
completed and much of the data has been analyzed. Fast neutron and gamma-
ray counts have been reported as a funct ion of time a f t e r the Linac burst . 
In addit ion , thermal neutrons and dieaway gamma rays were measured 
unt i l a mi l l isecond a f t e r the Linac burst . Ver t i ca l traverses were made 
along the outer face of the concrete and s t e e l assembly with both the 
NE-213 fast neutron and gamma-ray de te c to r , and the 3He thermal neutron 
detector to evaluate the inf luence of the concrete f l o o r on the beam 
center l ine measurements. 

3. In Miss i le Radiation Experiment (L. Harris , J r . , D. K. Steinman, 
S. J. Friesenhan, J. C. Young, and W. E. Gober) 

The s i l i c o n dosimeter has been cal ibrated f o r neutrons with 
energies between 1 MeV and the cadmium c u t - o f f , and f o r several mono-
energet ic gamma rays. The neutron response below 1 MeV of a s t e e l and 
polystyrene sample has been measured using the dosimeter. Calibration 
of the detec tor with neutrons in the 1 to 20 MeV range w i l l be completed 
shor t ly ; soon a f t e r , neutron induced dose in the miss i l e autopi lot and 
guidance system w i l l be measured. 

C. FISSION MEASUREMENTS 
o o c T oq 

1. Isomeric Gamma Rays From U(n , f ) and Pu(n , f ) f o r Times Less 
Than One Microsecond After Fission ,(V. V. Verbinski , R. E. Sund, 
and H. Weber) 

Measurements of the isomeric gamma-ray energy spectra from the 
thermal-neutron f i s s i o n of 235u and ^Pu were performed with a Ge(Li) 
detector fo i » times between 20 nsec and 'vl ysec a f t e r f i s s i o n . S ix ty -
nine resolved gamma-ray peaks with d i f f e r e n t energies and h a l f - l i v e s 
were observed; 37 of these gamma-ray peaks had not been seen in previous 
delayed gamma-ray measurements. The f iss ion- fragment mass numbers f o r 
many of the gamma rays were determined by comparison of the gamma-ray 
energies and h a l f - l i v e s with the resul ts of previous 252Cf measurements. 
Gamma rays which decay in cascade from the same isomeric state were 
i d e n t i f i e d on the basis o f mass numbers, gamma-ray h a l f - l i v e s , and 
i n t e n s i t i e s . Isomeric gamma-ray spectra from the spontaneous f i s s i o n of 
252gf Were also measured in the present experiment; the analysis of a 
number of s trong, resolved gamma rays in these data indicated that the 
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present resu l ts are consistent with previous 252cf r e s u l t s , 1 within the 
sum of the systematic uncertaint ies of the two experiments. Table C - l 
l i s t s the resolved gamma-ray l ines from 235U and 239pu a s wel l as c o r -
responding l ines from ^^Cf measured previously . 1 

The t o t a l energy of the resolved peaks from this experiment, 
when integrated over a l l time, i s 163 and 164 keV/ f i s s i on f o r 235u 

and 
239pu, respec t ive ly . Roughly 40% of the t o t a l energy of the resolved 
peaks i s from gamma rays in the 1100 to 1340-keV region. Isomers in 
l ^ T e 8 2 and li^Xeg2 contribute most of these high-energy gamma rays. In 
the 140 to 1340-keV energy range and 20 to 958-nsec time i n t e r v a l , the 
energy of the observed continuum of unresolved gamma rays was ^20% and 
^24% of the t o t a l delayed gamma-ray energy f o r 235u and 239Pu> 

respec-
t i v e l y . The energy of the resolved gamma rays from this experiment f o r 
235jj and 239pu i s about twice that f o r the isomers from 252cf with the 
same range of h a l f - l i v e s , as observed from previous r esu l t s . Most of 
the d i f f e r e n c e between 252Cf and 235u or 239pu i s due to seven poss ib le 
gamma-ray cascades. 

For convenience of the user , a rough 5-bin energy spectrum of the 
235u resu l ts i s given in Table C-2 f o r 235y and in Table C-3 f o r 239pu. 
These spectra are in terms of both the number of photons, and f o r the 
t o t a l energy emitted, in each of f i v e time regions between 20 and 958 
nsec a f t e r f i s s i o n . The data include gamma rays f o r both the resolved 
and unresolved l i n e s , the l a t t e r being obtained by unfolding the pulse -
height spectrum a f t e r stripping o f f the resolved l ines and associated 
Compton-scattering (and source-backscattering) t a i l s . 

Table C-4 l i s t s the strongest isomeric gamma-ray l ines observed 
from 2 5 2 Cf f i s s i on as obtained from both the present experiment and the 
Livermore r e s u l t s . ! The two sets of resul ts agree within systematic 
uncertaint ies of ^±10%, which val idates the above mentioned comparison 
of our complete 235u and 239pu resul ts with the complete 252q£ data. 

Table C-5 l i s t s the gamma-ray cascades observed in a l l three 
f i s s i o n a b l e spec ies . These seven strong cascades account f o r over half 
of the gamma-ray energy emitted from a l l the observed l ines in the present 
252Cf measurement. 

1 W. Hohn, F. W. Guy, and J. J. Wesolowski, Phys. Rev. C2, 1451 (1970). 



Table C-l-1 
235 239 

DELAYED GAMMA-RAY RESOLVED PEAKS OBSERVED IN THE PRESENT U AND Pu MEASUREMENTS 
25 2 

For comparison the Livermore Cf results are shown for those gamma rays which appear to cor-
respond in energy and half life to the peaks observed from 2 3 5 U or 2 3 9 P u . For the present 
results, a reference is given if the half-life was taken from previous research. The uncer-
tainties given for the present 2 3 5 U and 2 3 9 P u gamma-ray intensities do not include possible 
systematic uncertainties of v U 0 % and v+15%, respectively, for energies above VL30 keV and 
somewhat larger values below 130 keV. 

PRESENT RESULTS 
235 

IT 239 Pn 
252 C.f 

E 
y 

(keV) 

Tl/2 

(nsec) 

± A T 1 / 2 

(%) 

Tl/2 

Ref. 

" I 
Y 

(photons/ 
fission) 

±AI 
Y 

(%) 

E 
Y 

(keV) 

Tl/2 

(nsec) 

± A Tl/2 

(%) 

Tl/2 

Ref. 

I 
Y 

(photons/ 
fission) 

±AI 
Y 

(%) 

E 
Y 

(keV) 

A 3 
Tl/2 

(nsec) 

b 
I 
Y 

(photons, 
fission) 

85.0 15. 20 0.0118 50 85.3 15. 18 0.024 50 (85.6 16 0.0012 

85.1° 135. 30 0.0048 50 85.5C 
135. 27 0.0069 48 

183.7 
i33+; 

12 0.0026 

91.3 120. 4 0.0025 29 91.3 120. 0.00169 26 
(90.0 
(91.2 

(90.2 

108+1,-0 
132 + 0 

108±0 

120 
120 

15 

0.0022 
0.00075 

0.0013 
91.3 15. 4 0.0021 35 91.3 15. 4 0.0039 35 <90.5 

(91.5 
142±0 
101+0,-1 

15 
19 

0.00089 
0.00076 

102.8 15. 4 0.0038 14 
(102.8 
\103.5 

105±0 
111+0,-1 

15 
14 

0.0038 
0.0059 

102.8 200. 4 0.0099 29 103.2 1 5 0 « 200 0.0011 

106.6 20. 4 0.0018 60 
(105.0 
\l06.0 

146±2 
142+2 

20 
20 

0.0023 
0.0029 

109.1 11.9 10 4 0.0095 40 109.4 10.7 12 0.0079 40 

115.3 175. 4 0.0103 7 115.3 175. 5 0.0089 7 115.0 134+0 162 0.0061 

121.6 360. 4 0.0101 7 121.4 360. 4 0.0094 7 121.4 360 0.0048 

121.8 22. 4 0.00219 15 121.7 22. 4 0.0034 17 122.0 22 0.0025 

125.0 81.6 14 0.00216 14 125.0 79.2 16 0.0033 15 125.1 134±0d 115 0.00176 

130.5 375. 3 0.0089 9 130.1 

130.5 

340. 

1 9 . 

4 0.0077 

0.0012 

25 

3 0 

129.8 

130.5 

< 
146±0 

340 

19 

0.0029 

0.0032 

141.5 3 6 0 . 4 0.00415 5 141.3 360. 0.0025 1 1 140.9 

140.9 

" t j 

104+0 

3 6 0 

62 

0.00084 

0 . 0 0 1 6 
142.3 55. 0 . 0 3 6 8 4 142.1 55. 0.0188 4 1 4 2 . 0 9 1 + 1 

- 0 55 0 . 0 0 3 6 

LIVERMORE RESULTS 



Table C-l-2 

PRESENT RESULTS 

235 
U 

239 
Pu 

252 J Cf 

E 
Y 

(keV) 

T l / 2 

(nsec) 

± A T l / 2 

(%) 

T l / 2 

Ref. 

I 
Y 

(photons/ 

fission) 

±AI 
Y 

(%) 

E 
Y 

(keV) 

T l / 2 

(nsec) 

± A T l / 2 

(%) 

T l / 2 

Ref. 

I 
Y 

(photons/ 
fission) 

±AI 
Y 

(%) 

E 
Y 

(keV) 

A a 
T l / 2 

(nsec) 

I b 

Y 
(photons 
fission) 

153. 8 143. 12 0.0021 11 153.6 108+0 110 0.0077 

162.4 97.1 4 0.0073 5 
(163.0 
\163.5 

133+0,-1 

152±0 

110 
82 

0.0018 
0.00011 

167.4 240. 4 0.0032 15 167. 1 240. 4 0.00042 12 167.1 < 240 0.0015 

167.7 13. 4 0.0072 30 167. 7 13. 4 0.0028 30 167.7 13 0.0073 

169. 1100. 4 0.0027 21 170. 5 1100. 4 0.0039 19 170.5 98±0 1100 0.0020 

181.2 127. 20 0.0011 36 181. 0 127. 20 0.0024 38 

181.5 28.0 10 0.0013 30 181. 6 28.0 10 0.0026 32 

186.5 1166. 15 0.0017 30 186. 1 1000. 30 0.0013 42 186.4 98±ld 650 0.0005 

191.7 115. 10 0.0023 25 191.. 8 162. 33 0.0010 40 191.1 < 110 0.00029 

197.3 3400. 9 0.0082 15. 197. 3 3400. 9 0.0152 15 197.3 136 2800 0.0060 £ 

204.0 3000. 4 0.0064 9 204. 0 3000. 4 0.0034 11 204.0 98±1 3000 0.0013 

204.3 24. 4 0.0408 15 204. 2 24. 4 0.0238 15 204.3 95+2 24 0.0062 

217.4 94.4 10 0.0036 10 217. 3 128. 25 0.0015 25 217.2 93±0 70 0.00044 

228.8 16.5 4 0.0014 25 

276.1 7.6 15 0.0065 60 276. 0 7.6 e 0.0039 80 276.5 91 6 0.00043 

283.8 8. 4 0.0040 80 283. 5 8. 4 0.0040 80 283.9 1 4 7
+ 1 

x -0 
8 0.0064 

288.1 12.6 19 0.0015 30 288. 2 12.9 10 0.00194 30 288.2 146±0 17 0.0029 

297.3 170. 3 0.0297 5 297. 2 183. 5 0.0226 5 296.9 134±0 162 0.0103 

314.3 8.2 10 0.0055 60 314. 1 8.7 10 0.0082 60 314.4 138!° 9 0.0039 

325.3 555. 5 0.0053 6 324. 

330. 

330. 

9 

8 

8 

578. 

26. 

168. 

18 

30 

70 

0.0031 

0.028 

0.00021 

19 

33 

75 

324.5 135±0 570 0.0031 

339.8 86. 6 0.00184 8 339. 

34 3. 

5 79. 

674. 

14 

36 

0.00077 

0.0011 

17 

37 

LIVERMORE RESULTS 



Table C-l-2 

PRESENT RESULTS 
235 

V 
239 

Pu - 252 

E 
Y 

(keV) 

T
l / 2 

(nsec) 

± A T
l / 2 

(%) 

T
l / 2 

Ref. 

I 
Y 

(photons/ 
fission) 

±AI 
Y 

(%) 

E 
Y 

(keV) 

T
l / 2 

(nsec) 

± A T
l / 2 

(%) 

T
l / 2 

Ref. 

I 
Y 

(photons/ 
fission) 

±AI 
Y 

(%) 

E 
Y 

(keV) 

A 3 
T
l / 2 

(nsec) 

I b 

Y 
(photons 
fission) 

352.3 21.8 5 0.0326 20 352.1 22.6 5 0.0181 20 352.3 95±0 21 0.0046 

381.3 57. 7 0.0012 19 381.3 57. 20 0.00095 30 

381.5 3400. 9 0.0059 22 381.1 3400. 9 0.0176 20 380.7 136 3400 0.0073 

387.5 119. 10 0.0010 30 387.2 115. 3 0.0030 16 387.1 1 3 5 ^ 110 0.00082 

400.1 7.8 10 0.0059 80 400.1 8.1 10 0.0075 80 400.2 1 3 8 ^ 9 0.0037 

412.7 18.3 6 0.0034 25 412.1 22.4 9 0.0020 25 

415.7 24.5 6 0.0024 20 415.4 20.2 13 0.0021 20 415.6 9 9 + 1 

-0 
16 0.00051 

426.8 15.4 7 0.0028 30 426.4 15.7 6 0.0028 30 426.8 100±1 16 0.00088 

433.0 1960. 48 0.0026 52 432.3 

444.7 

1450. 

215. 

55 

5 

0.0038 

0.00111 

60 

15 

f—1 
IV> Ln 

444.8 50. 10 0.00043 27 

444.8 520. 15 0.00099 29 

454.2 19.2 16 0.00111 25 454.2 15.5 17 0.00125 25 

461.2 161. 14 0.00062 21 461.4 90. 5 0.00075 15 

522.4 382. 11 0.00212 17 

536.3 22.7 10 0.00178 16 535.5 28.9 10 0.00161 15 

575.8 16.8 10 0.00226 30 576.2 19.8 16 0.00147 30 

589.8 68.4 6 0.00183 12 590.3 100. 50 0.0013 52 

614.2 17.3 10 0.0194 30 614.2 17.3 10 0.0179 30 614.2 100±0 20 0.0034 

619.6 96. 5 0.00187 10 

648.7 165. 17 0.00146 21 648.2 104. 32 0.00076 34 

746.7 132. 37 0.00093 39 

770.4 2060. 60 0.0026 64 770.1 1050. 35 0.0025 37 

774.6 46.5 7 0.00118 12 774.8 49.9 12 0.0015 16 

LIVERMORE RESULTS 



Table C-l-2 
PRESENT RESULTS 

235 
U 

239 
Pu 

252 3 Cf 

E 
Y 

(keV) 

T l / 2 

(nsec) 

±AT 1 / 2 

(%) 

T l / 2 

Ref. 

I 
Y 

(photons/ 

fission) 

±AI 
Y 

(%) 

E 
Y 

(keV) 

T l / 2 

(nsec) 

± A T l / 2 

(%) 

T l / 2 

Ref. 

I 
Y 

(photons/ 
fission) 

±AI 
Y 

(%) 

E 
Y 

(keV) 

A A 

T l / 2 

(nsec) 

I B 

Y 
(photons 

fission) 

810.6 102. 4 0.00134 16 

815.4 15.0 10 0.00074 40 

817.5 117. 20 0.00070 35 

840.3 129. 25 0.00084 40 

968.6 28.2 14 0.00144 17 969.5 28.8 6 0.00197 10 

974.7 120. 5 0.00239 8 975.2 

975.2 

69. 

278. 

35 

35 

0.0020 

0.0027 

30 

30 

998.4 96. 11 0.00092 35 

1025.3 20.5 8 0.00211 20 1025.9 20.9 8 0.00146 20 

1086.5 21.6 12 0.00129 25 1087.1 19.7 10 0.00145 25 

1103.4 113. 5 0.0045 7 1103.7 111. 4 0.0062 6 ON 

1150.7 110. 5 0.0041 5 1151.1 124. 9 0.0061 9 1151.6 134:; 90 0.0021 

1180.8 612. 10 0.0054 12 1180.8 499. 13 0.0031 13 1181.0 135:; 670 0.0030 

1221.5 31. 50 0.0021 60 1221.4 15.2 40 0.0042 60 1221.0 1 3 7 « 6 0.0073 

1279.8 169. 3 0.0235 5 1279.8 179. 4 0.0177 5 1279.8 134±0 164 0.0126 

1313.9 3400. 9 0.0095 30 1313.4 3400. 9 0.0156 35 1313.3 136 3000 0.0057 

LIVERMORE RESULTS 

a 235 239 
Because of the large number of gamma rays at low energies, the assignment of the U and' Pu peaks to the A values given 
for the 252(jf peaks is not positive below ^200 keV. 

'see Section 4.1 
rays for 252cf. 

b 232 
See Section 4.1 for a comparison of the Livermore (Ref. 4) results for Cf and the present results for a number of gamma 

This peak does not correspond to the peak with approximately the same energy and same half-life observed in the Livermore 
data (Ref. 4), since the Livermore peak is from A 108, and the 235U and 2 3 9 p u fission fragment yields for this mass 
number are significantly lower than the observed yields. 

d 235 239 252 
Since the error bars on the U and Pu half lives do not overlap the value of the Cf half life 9 the gamma rays in 
235u and 2 3 9 P u may be from a different mass number. 

e 235 
The half life was taken from the present U data. 



127. 

Table C-2 
GROUPED VALUES FOR 2 3 5U ISOMERIC GAMMA RAYS 

A. Number of resolved and continuum gamma rays per fission 

Energy 
Group 
(keV) 

Time Group (nsec) Energy 
Group 
(keV) 20-45 45-100 100-215 215-458 458-958 20-958 

140-380 
380-620 
620-860 
860-1100 

1100-1340 
140-1340 

4.5 xio"^ 
1.63x10 ^ 
3.1 xlO

 3 

3.9 xlO
 3 

5.4 xl0~f 
7.4 xlO 

4.0 xl0~? 
1.06x10 ^ 
3.0 xlO

 3 

2.7 xlO
 3 

7.6 xlO~f 
6.4 xlO 

2.9 xlO~^ 
5.9 xlO

 3 

2.6 xlO 
2.1 xlO

 6 

1.00x10 
4.91x10 

1.85x10"^ 
4.1 xl0~

3 

1.93x10
 3 

1.03x10
 3 

9.9 xio"; 
3.5 xlO 

1.11x10"^ 
2.7 xlO t 
1.32x10 , 
6.1 xlO 
6.0 xlO~, 
2.2 xlO 

1.43xl0~* 
4.0 xlO 
1.19x10 
1.04x10 
7.0 xlO

 3 

2.4 xlO 

B. Energy (keV) per fission for the resolved and continuum gamma rays 

140-380 10.8 9.2 6.4 4.4 2.6 33. 
380-620 8.5 5.5 3.0 2.0 1.26 20.4 
620-860 2.9 2.2 2.0 1.39 .97 9.9 
860-1100 3.9 2.7 2.1 1.02 .59 10.3 

1100-1340 6.5 9.3 12.4 12.2 7.5 48. 
140-1340 33. 28.9 25.9 21.0 12.9 121. 

C. Ratio of energy of the resolved gamma rays to the energy of the 

resolved and continuum gamma rays 

140-380 0.89 0.91 0.89 0.94 0.94 0.90 
380-620 0.73 0.71 0.54 0.53 0.70 0.67 
620-860 0.27 0.47 0.57 0.66 0.55 0.47 
860-1100 0.47 0.64 0.54 0.67 0.32 0.54 

1100-1340 0.75 0.90 0.92 0.95 0.97 0.91 
140-1340 0.71 0.81 0.81 0.88 0.89 0.80 

D. Uncertainties (%) for the number of gamma rays per fission 

and the energy per fission 

The uncertainties do not include possible systematic uncertainties of ^±10%. 

140-380 10 7 5 4 5 
380-620 17 12 10 10 6 
620-860 36 16 13 10 14 
860-1100 24 11 16 13 40 

1100-1340 10 4 4 3 3 
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Table C-3 
GROUPED VALUES FOR 2 3 9 p u ISOMERIC GAMMA RAYS 

A. Number of resolved and continuum gamma rays per fission 

Energy 
Group 
(keV) 

Time Group (nsec) Energy 
Group 
(keV) 20-45 45-100 100-215 215-458 458-958 20-958 

140-380 
380-620 
620-860 
860-1100 

1100-1340 
140-1340 

3.6 xl0~? 
1.45x10 ^ 
4 .0 xlO"^ 
4 .1 xl0~^ 
5.8 xl0~f 
6.4 xlO 

3.0 xl0~? 
9 .1 x lO - ^ 
2.7 xlO ^ 
3.2 xlO * 
7.3 xl0~f 
5 .3 xlO 

1.96xlO~? 
5.9 xlO~^ 
2.5 xlO ^ 
2.4 xlO ^ 
9.5 xlO~f 
4.0 xlO 

1.35x10"^ 
4.9 xlO~f 
1.83x10 * 
2.2 xlO ^ 
9 .3 xlO 
3.2 xlO 

1.00xl0~~ 
3.4 xlO ^ 
1.72x10 ^ 
1.40x10"^ 
6.0 xio"; 
2.2 xlO 

1.09xl0~i 
3.8 xlO~f 
1.27x10 0 
1.34xl0~f 
3.8 xlO~f 
2.1 xlO 

B. Energy (keV) per fission for the resolved and continuum gamma rays 

140-380 9.4 7.6 4.7 3.3 2.4 27.4 
380-620 7.5 4.6 2.9 2.2 1.53 18.7 
620-860 3.0 2.0 1.84 1.39 1.29 9.4 
860-1100 4 .1 3.2 2.4 2.2 1.36 13.2 

1100-1340 7 .1 8.9 11.5 11.5 7.5 46. 
140-1340 31. 26.3 23.2 20.5 14.0 115. 

C. Ratio of energy of the resolved gamma rays to the energy of the 

resolved and continuum gamma rays 

140-380 0.91 0.94 0.90 0.90 0.90 0.92 
380-620 0.74 0.73 0.50 0.49 0.70 0.67 
620-860 0.15 0.33 0.38 0.41 0.38 0.30 
860-1100 0.47 0.58 0.53 0.43 0.46 0.50 

1100-1340 0.74 0.87 0.89 0.93 0.93 0.88 
140-1340 0.70 0.79 0.77 0.79 0.80 0.76 

D. Uncertainties (%) for the number of gamma rays per fission and the 

energy per fission 

The uncertainties do not include possible systematic uncertainties of vfc15%. 

140-380 9 5 7 4 3 
380-620 16 11 10 10 15 
620-860 42 21 19 18 19 
860-1100 24 13 17 23 32 

1100-1340 11 6 6 4 6 



Table C-4 
252 COMPARISON OF SELECTED Cf DELAYED GAMMA RAYS FROM PRESENT MEASUREMENT WITH THOSE 

FROM LIVERMORE MEASUREMENT1 

The errors for the present results do not include systematic uncertainties of ^>±10% 

PRESENT RESULTS LIVERMORE RESULTS 
E 

Y 
(keV) 

T l / 2 
(nsec) 

± A T l / 2 

(%) 

T l / 2 
Ref. 

h 
(photons/ 
f i s s i o n ) 

±AI 

r 

(%) 

E Y 
(keV) 

A T l / 2 
(nsec) 

h 
(photons/ 
f i s s i o n ) 

±AI 
Y 

(%) 
115.2 162. 4 0.0058 9 115.0 134±0 162 0.0061 7 

176.3 89. 5 0.0041 10 176.2 110 0.0031 7 

197.4 3400. 9 0.0092 15 197.3 136 2800 0.0060 8 

297.3 168. 3 0.0150 5 296.9 134±0 162 0.0103 7 

325.3 513. 5 0.0042 15 324.5 135±0 570 0.0031 8 

352.3 23.1 5 0.0054 20 352.3 95±0 21 0.0046 7 

381.6 3400. 9 0.0086 20 380.7 136 3400 0.0073 8 

1150.6 103.1 6 0.0031 9 1151.6 1 3 4 : ; 90 0.0021 11 

1180.5 474. 12 0.0029 10 1181.0 1 3 5 : ; 670 0.0030 13 

1279.9 167. 3 0.0114 5 1279.8 134±0 164 0.0126 9 

1313.4 3400. 9 0.0086 35 1313.3 136 3000 0.0057 24 

1W. John, F. W. Guy, and J. J. .Wesolowski, Phys. Rev. C2, 1451 (1970) . 



Table C-l-1 

CASCADE DELAYED GAMMA RAYS FROM THE SAME ISOMERIC STATE 
235 239 252 

The U and Pu data are from the present experiment. The Cf data are from the Livermore 
experiment,1 except the cases noted by a footnote to be from the present experiment. Systematic 
uncertainties in the photon intensities of 10%, 15%, and 10% are not included in the present 
results for 235u, 239p u > 2 5 2 ^ ^ respectively. 

235 2 3 9 „ 
Pu 

252 
" Cf 

E 
Y 

T l / 2 ± f i Tl /2 I 
Y 

±AI 
Y 

E 
Y T l / 2 ± A T 1 / 2 I 

Y 
±AI 

Y 
E 

Y 
A T l / 2 I 

Y 
+AI 

Y 
(photons/ (photons/ (photons/ 

(keV) (nsec) (%) fission) (%) (keV) (nsec) (%) fission) (%) (keV) (nsec) fission) (%) 

- 2 1 7 . 4 9 4 . 10 0 . 0 0 3 6 10 2 1 7 . 3 1 2 8 . 25 0 . 0 0 1 5 25 2 1 7 . 2 93±0 70 0 . 0 0 0 4 4 10 

- 1 9 1 . 7 1 1 5 . 10 0 . 0 0 2 3 25 1 9 1 . 8 1 6 2 . 33 0 . 0 0 1 0 40 1 9 1 . 1 110 0 . 0 0 0 2 9 13 

R 2 0 4 . 3 2 4 . 0 . 0 4 0 8 15 2 0 4 . 2 2 4 . 0 . 0 2 3 8 15 2 0 4 . 3 95±2 24 0 . 0 0 6 2 12 

L 3 5 2 . 3 2 1 . 8 5 0 . 0 3 2 6 20 3 5 2 . 1 2 2 . 6 5 0 . 0 1 8 1 20 3 5 2 . 3 95±0 21 0 . 0 0 4 6 7 

r 1 2 1 . 6 3 6 0 . 0 . 0 1 0 1 7 1 2 1 . 4 3 6 0 . 0 . 0 0 9 4 7 1 2 1 . 4 9 9 + 1 
- 0 360 0 . 0 0 4 8 10 

- 1 3 0 . 5 375 . 3 0 . 0 0 8 9 9 1 3 0 . 1 3 4 0 . 0 . 0 0 7 7 25 1 2 9 . 8 9 9 + 1 
-0 

340 0 . 0 0 2 9 15 

R 1 1 5 . 3 1 7 5 . 4 0 . 0 1 0 3 7 1 1 5 . 3 1 7 5 . 5 0 . 0 0 8 9 7 ( 1 1 5 . 2 A 162 0 . 0 0 5 8 9 

( 1 1 5 . 0 134+0 162 0 . 0 0 6 1 7 

- 2 9 7 . 3 1 7 0 . 3 0 . 0 2 9 7 5 2 9 7 . 2 1 8 3 . 5 0 . 0 2 2 6 5 ( 2 9 7 . 3 A 168 0 . 0 1 5 0 5 

( 2 9 6 . 9 134+0 162 0 . 0 1 0 3 7 

1-1279.8 1 6 9 . 3 0 . 0 2 3 5 5 1 2 7 9 . 8 1 7 9 . 4 0 . 0 1 7 7 5 jl279.9 a 167 0 . 0 1 1 4 5 

( 1 2 7 9 . 8 134±0 164 0 . 0 1 2 6 9 

r 325.3 5 5 5 . 5 0 . 0 0 5 3 6 3 2 4 . 9 5 7 8 . 18 0 . 0 0 3 1 19 3 2 4 . 5 135+0 570 0 . 0 0 3 1 8 

1-1180.8 6 1 2 . 10 0 . 0 0 5 4 12 1 1 8 0 . 8 4 9 9 . 13 0 . 0 0 3 1 13 1 1 8 1 . 0 670 0 . 0 0 3 0 13 

R 1 9 7 . 3 3 4 0 0 . 0 . 0 0 8 2 15 1 9 7 . 3 3 4 0 0 . 0 . 0 1 5 2 15 ( 1 9 7 . 4 A 3400 0 . 0 0 9 2 15 

( 1 9 7 . 3 136 2800 0 . 0 0 6 0 8 

- 3 8 1 . 5 3400 . 0 . 0 0 5 9 22 3 8 1 . 1 3 4 0 0 . 0 . 0 1 7 6 20 ( 3 8 1 . 6 A 3400 0 . 0 0 8 6 20 

( 3 8 0 . 7 136 3400 0 . 0 0 7 3 8 

1 - 1 3 1 3 . 9 3400. 0 . 0 0 9 5 30 1 3 1 3 . 4 3 4 0 0 . 0 . 0 1 5 6 35 ( 1 3 1 3 . 4 A 3400 0 . 0 0 8 6 35 

( 1 3 1 3 . 3 136 3000 0 . 0 0 5 7 24 

r 314.3 8 . 2 10 0.0055 60 3 1 4 . 1 8 . 7 10 0 . 0 0 8 2 60 3 1 4 . 4 1 3 8 ^ 9 0 . 0 0 3 9 8 

L 4 0 0 . 1 7 . 8 10 0.0059 80 4 0 0 . 1 8 . 1 10 0 . 0 0 7 5 80 400.2 " S T ? 9 0 . 0 0 3 7 9 

aData for these gamma rays are from the present experiment. 

1
W . John, F. W. Guy, and J. J. Wesolowaki, Phys. Rev. C2, 1451 (1970). 



131. 

LAWRENCE LIVERMORE LABORATORY 

A. STANDARDS 

1 . 2 3 5u Fiss ion Cross-Section Measurement. (J . B. Czirr and G. S. 
Sidhu) 

We have completed a measurement o f the r e l a t i v e 235u f i s s i o n 
cross sec t i on covering the 3 - to 20-MeV energy range. Data analysis i s 
in the f i n a l stages and a complete report i s scheduled "by Ju ly , 197^• 
The s t a t i s t i c a l plus systematic errors are l e s s than ± 2% from 3 t o lU 
MeV. 

The neutron f l u x was measured over the f u l l energy range with the 
use o f a p r o t o n - r e c o i l detector and a s ingle CH2 radiator f o i l . The 
background was measured by replac ing the CH2 with a thin graphite f o i l 
and was observed t o be l e s s than 6% at a l l energ ies . 

Figure A - l i s a preliminary p lot o f the data normalized to 1198 
nib at 3.5 MeV. 

B. NEUTRON DATA APPLICATIONS 

1 . Integral Measurements of Gamma Spectra from Nitrogen and Oxygen 
Bombarded with lU-MeV N e u t r o n s ^ ( L . F. Hansen, T. T. Komoto, 
C. M. Logan, B. A. Pohl, C. Wong and J . D. Anderson) 

The gamma spectra from 0 . 5 , 1.1» and 3.1 mean f ree paths ( m . f . p . ) 
o f nitrogen and 0.7 m . f . p . o f oxygen have been measured between 0.5 and 
10 MeV using the sphere transmission and t i m e - o f - f l i g h t techniques. The 
experimental geometry and e l e c t ron i c s f o r these measurements are i d e n t i -
ca l t o that described e a r l i e r 1 f o r the neutron measurements. The 
compton r e c o i l s in the NE 213 s c i n t i l l a t o r were measured by time gating 
on the prompt y-rays from the nitrogen and oxygen. Proton-e lectron d i s -
crimination was used to insure that only Y-ray r e c o i l s were being ob -
served. The targets were dewars f i l l e d with l i q u i d nitrogen or oxygen. 
The measurements were carr ied out at 26 and 120° and the detectors used 
at these angles were 5.08-cm diameter by 5.08-cm long , P i l o t B and NE 213 
s c i n t i l l a t o r s , r e s p e c t i v e l y . At 26° the f l i g h t path was short (565 cm), 
such that the number o f overlap neutrons under the prompt-y s ignal i s 
small , hence proton-e lec tron discr imination was not needed. The absolute 
c a l i b r a t i o n o f the s c i n t i l l a t o r system was carr ied out with gamma sources 
up to 1.8U MeV. A gamma spectrum from a pulsed carbon sphere extended 

^C. Wong et_ al_. , Livermore Pulsed Sphere Program: Program Summary 
through July , 1971, UCRL-511M (1972) . 
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the ca l ibrat ion up to 1+.U3 MeV while the r e c o i l spe_ ra from ll+-MeV neu-
trons was used^ to obtain higher energy ca l ibrat ion po ints . 

Calculations to reproduce the measured nitrogen and oxygen 
spectra are in progress. The TARTNP Code,3 which i s a coupled neutron-
photon Monte Carlo Transport Code, and the ENDL Library have been used 
to generate the gamma spectra. The r e c o i l e lectron response of the de-
tec tors as a function of gamma energy has been calculated with the Monte 
Carlo Photon Transport code TORTE.̂  This l a s t ca lculat ion has been able 
t o reproduce the shape and the magnitude o f the r e c o i l e lectron spectra 
from the standard gamma sources and 88Y) with an 
accuracy bet ter than 10$. Preliminary comparisons between the nitrogen 
measurements and the calculat ions indicate that the calculat ions are 
systematical ly lower than the measurements by 50$ or more. The d iscrep -
ancy seems to increase as a function of mean free path. 

2. Comparison- Between the Calculation using the ENDF/B-III, 
ENDF/B-IV, and the ENDL Neutron Cross Sections and the Measure-
ments f o r 0.7 m . f . p . O x y g e n . ( L . F. Hansen, T. T. Komoto, C. M. 
Logan, B. A. Pohl, C. Wong and J. D. Anderson) 

The 0.7 m . f . p . measurements f o r oxygen^ have been compared with 
the predict ions o f the Monte Carlo Neutron Transport Code TART using the 
ENDF/B-III,5 the most recent version^ ENDF/B-IV, and the revised ENDL 7 
Livermore Neutron Library. 

Table B - l gives the integral values of the measured and calculated 
spectra carried out with the above neutron l i b r a r i e s as a function o f 
emitted neutron energy. From the comparison between the magnitude of 
the integrals with the measurements i t can be concluded: a) The revised 
ENDL Library gives the best overa l l agreement with the measurements. 
b) As regards the I I I and IV versions of the ENDF/B Library, I I I does a 
bet ter job in reproducing the magnitude o f the measured in tegra l s . 
c ) The d i f f erences between the two versions of the ENDF/B Library are 
largest for the energy interval 2 to 10 MeV. Since the magnitude of the 
cross sect ions at and 1k.6 MeV i s very similar between versions I I I 
and IV, the observed d i f f erence can only resul t from more substantial 
changes^ that were carried out in ENDF/B-IV at lower energies . Table B-2 
l i s t s the cross sect ions at lU and lU.6 MeV f o r the above three neutron 
l i b r a r i e s . 
^B.A.Pohl et a l . , UCRL-50653 ( 1 9 6 9 ) . 
•^E.F.Plechaty and J.R.Kimlinger, TARTNP Coupled Neutron-Photon Monte Carlo 
Transport Code ( to be published in June 197^). 
E.F.Plechaty and J.R.Kimlinger, UCIR-537 (1971). 

5D.G.Foster, Jr . and P.G.Young, LA-^780(MAT 1131* in ENDF/B-III) UC-S^ 
. (1972) . 
P.G.Young (DNA MAT 1+131*, MOD 2 in ENDF/B-IV, private comm., 197U). 

7L.F.Hansen et a l . , UCRL-75505. 
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Table B - l 

Comparison between the measured i n t e g r a l s and the c a l c u l a t i o n s f o r 0 .7 
m . f . p . o f oxygen c a r r i e d out with the d i f f e r e n t neutron l i b r a r i e s . 

Time (ns) 
(En-MeV) 

lk2 - 17^ 

(15 - 10) 
174 - 288 
(10 - 3.6) 
288 - 386 
(3.6 - 2.0) 

TOTAL 

Exper i -
ment (± 1%) 

.738 

.092 

.01+7 

.877 

TART 
ENDL 

. 7 0 8 ( - 4 . 2 $ ) 

.116(+26 

. 0 5 l ( + 8 . 5 * ) 

.875(0 . 

TART 
(ENDF/B-III) 

. J h l ( + 0 . W 

.107(+ l6 .0£ ) 

.063(+31+. 

.911(+3. 

TART 
(ENDF/B-IV) 

.7U3(+0.7^) 

•122(+33.0%' 

.069i+bl%) 

.93b(+6.5%) 



Table B-2 

Point cross s e c t i ons (barns) f o r oxygen f o r inc ident neutron energ ies o f and 14.6 MeV 
l i s t e d in the d i f f e r e n t L i b r a r i e s . 

Energy 
Neutron 
Library a t o t a l CTel a n - e l 0( n - n ' ) o( n , p ) a ( n , n ' p ) a ( n , d ) ? ( n , a ) 

Ik MeV ENDL 1.6U5 .960 .685 .325 .01+00 .0300 .11+0 

ENDF/B-III 1.608 • 955 .653 .1+72 .01+1+9 .153 .122 

ENDF/B-IV 1.619 .956 .663 Mh . Okjl .0153 .126 

111.6 
MeV 

ENDL 

ENDF/B-III 

1 .731 

1.676 

1 .021 

.991 

.710 

.685 

.321 

.523 

.0362 .006 

.0365 

.0320 

.0136 

.176 

.112 

ENDF/B-IV 1.669 .981 .689 .520 .0385 .0137 .116 
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233 238 239 3. High-Energy Measurements o f U, U, and Pu F i ss i on Cross 
Sec t ions Re la t ive t o 235u Using the Method o f Threshold Cross S e c t i o n s . 
( J . W. Behrens and G. W. Carlson) 

F i s s i on c ross s e c t i o n measurements f o r a wide c o l l e c t i o n o f 
uranium and plutonium i s o t o p e s are present ly "being conducted at LLL u s -
ing the 100-MeV Electron Linear Acce l e ra tor as a pulsed source f o r 
neutrons. To obtain f i s s i o n c ross s e c t i o n r a t i o s above 1 MeV, we are 
using a method c a l l e d the Threshold Cross Sec t ion Method.8 This method 
al lows us t o obtain f i s s i o n cross s e c t i o n r a t i o s without depending on 
normalizat ions to abso lute c ross s e c t i o n measurements. 

F i ss i on cross s e c t i o n r a t i o s o f Of (233u) : Uf(235u) , a f ( 2 3 9 p u ) : 
a f ( 2 3 5 u ) , a f ( 2 3 8 u ) : a f ( 2 3 5 u ) , a f ( 2 3 8 u ) : a f ( 2 3 3 u ) , and a f ( 2 3 8 u ) : a f ( 2 3 9 p u ) 
have been measured. The r a t i o s o f the f i s s i o n cross sec t i ons o f 238\J t o 
233u, 235U and 239Pu extend from 1 -20 MeV with an energy r e s o l u t i o n o f 
< 5% and uncer ta in t i e s o f < 5%. The r a t i o s o f 239Pu and 233u to 235u 
range from 10 keV-20 MeV with counting uncer ta in t i es o f < 3% at 5% energy 
r e s o l u t i o n . Prel iminary data are be ing documented i n a UCRL report 
which should be a v a i l a b l e f o r d i s t r i b u t i o n in J u l y , 197^. 

We are preparing t o measure the f i s s i o n cross s e c t i o n r a t i o s 
af(23l+u): Of(235u) and a f ( 2 3 6 u ) : a f ( 2 3 5 u ) . Measurements o f 233u, 235u, 
and 239Pu f i s s i o n c ross s e c t i ons r e l a t i v e to 10B(n,a) are planned from 
.01 eV t o 100 keV neutron energy t h i s summer.. 

C. NUCLEAR DATA FOR SAFEGUARDS 

1 . P h o t o f i s s i o n and Photoneutron Cross -Sect ion Measurements f o r 
2325T, 233u, 236u, 238u, 23YNp, a n d ^ P u. (R. A. 
A lvarez , B. L. Berman, J . T. Caldwel l t , E. Dowdy+, T. F. 
Godlove , P. Meyer) 

Using the nearly monoenergetic photons, generated by i n - f l i g h t 
p o s i t r o n a n n i h i l a t i o n , at the Livermore 100-MeV e l e c t r o n - p o s i t r o n l i n a c , 
we have made simultaneous measurements o f the ( y , n ) . ( y , 2 n ) , and ( y , f ) 
c ross sec t i ons o f 232 T h , 233u, 2 3 ^ , 235u, 236Us 238Us 237Np, and 239PU 
over an energy range from approximately 5 t o 17 MeV, with a t y p i c a l 
energy r e s o l u t i o n o f 200 keV. The average neutron m u l t i p l i c i t y , V, f o r 
f i s s i o n events was a l so simultaneously determined as a funct ion o f 
photon energy. These data t i e t o g e t h e r , in a s ing le measurement, both 
the near - threshold region and the reg ion o f the giant d ipo l e resonance. 

"̂ Los Alamos S c i e n t i f i c Laboratory, Los Alamos, New Mexico 
*U.S. Naval Research Laboratory, Washington, D.C. 
®J. W. Behrens, Determination o f Absolute F iss ion Cross Sect ion Ratios 

Using the Method o f Threshold Cross Sec t i ons . UCRL-51478 (1973) . 
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The major portion of the data was obtained on two sets of runs. 
On the f i r s t set , measurements were made for 232Th} 23̂ +u, 235u, 236u, 
238U, and 239Pu; on the second set , 233U, 237Np, and 238U were measured 
with the 

238U measurements serving to internormalize the two sets of data. 
On each set of runs after the linac beam was tuned for a given energy 
measurements for each isotope of that set were made, as well as back-
ground measurements for each, before proceeding to the next sequential 
energy. This technique virtually eliminates any small errors in the 
relative cross sections which might otherwise arise because of d i f f e r -
ences in beam tuning or small dr i f ts in detector or beam-monitor e f f i -
ciency. 

On another set of runs, using the same apparatus, we have also 
measured 3, the delayed neutron yield per f i s s i on , for 232Th, 235u, 236u, 
and 238n 

at 10,9 and 16.8 MeV; 3 has also been measured at 1^.5 MeV for 
232Th, 235U, and 238u. 

A detailed analysis of these data is in progress. Preliminary 
analysis of the V data for 23y, 235u, 236u, 238u, and 239Pu shows an es-
sentially linear increase in V with increasing energy. For 232>ph there 
appears to be a minimum in 9 at a photon energy of approximately 7^5 MeV, 
consistent with previously reported low-energy measurements^ ; above 8 
MeV \5 appears to increase l inearly with photon energy for 232Th also. 
The preliminary data analysis also indicates structure in the (y,n) and/ 
or ( y , f ) cross section in the near-threshold region for several of the 
isotopes. 

D. BASIC SCIENCE 

1. %e (y,p) - (y,n) Ratio Measurement. (T. W. Phi l l ips , D. D. Faul 
B. L. Berman, J. R. Calarco* and J. R. Hall*) 

A simultaneous measurement of the ratio daCy.^H)/dcr(y,3He) | , 
using a bremsstrahlung beam (end-point e n e r g y 65 MeV) from the LLL Linac 
and a collimated sol id-state telescope (si lcon detectors 5, 17, and 500 
Vim thick) has been completed. A three-dimensional projection from th.e 
data obtained with 0.1-atm ^He gas is shown in Figure D-l . The separa-
tion of the data into trajectories for 3ne, 3H, 1H and noise i s apparent. 
It was found in tests of the counter telescope at Stanford that addi-
tional collimation was required to prevent edge e f f e c t s from distorting 
our ratio measurements. The reduction in rate made separation of the 
3h events from Ĥ and noise impossible at energies below 1+0 MeV in 
photon energy. To obtain results at lower energy the 3h data from 
a run with open collimation was normalized above Uo MeV to the 
*Stanford University, Stanford, Ca. 9U305 
9J.T.Caldwell, G.M.¥orth, and E.J.Dowdy, International Conference on 

Photonuclear Reactions and Applications, Asilomar, 1973, p. £>51. 
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Energy Deposited in ( 5 +17 + 5 0 0 ) h- Detectors ( MeV) 
Figure D-l Three-dimensional representation of the y+^He data from a 

3-detector telescope (5,17,500 im). .From the top of the 
plot and extending down and to-,the right are four trajector-
ies corresponding to JHe, 3H, -LH and noise. 
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3 3 H data from the t i g h t l y - c o l l i m a t e d detector and the H data o f the 
t i g h t l y - c o l l i m a t e d detector was used t o extend the r a t i o down t o 30 MeV. 
These resu l t s both are shown in Figure D-2. In the region from 39 t o 
MeV where the s t a t i s t i c a l errors are small these resu l t s confirm the 
work o f Dodge and Murphy.10 

2 . Gamma Spectra from Capture o f 1-105 eV Neutrons by Ta. (M. L. 
S te l t s and J . C. Browne) 

Neutrons from the Livermore 100-MeV l inac were used t o study the 
high-energy capture-y-ray spectra of Ta. A 13.^-m f l i g h t path and a 
20-nsec beam width were adequate to reso lve most resonances below 200 eV. 
Resonance-averaged spectra were measured above 200 eV. The high-energy 
photons were detected with a three - c rys ta l spectrometer cons is t ing o f a 
17.6-cm3 Ge(Li) diode between two 12.7 x 12.7 - cm Nal(Tl) s c i n t i l l a t o r s . 
The system reso lut i on was 6 keV at 6-MeV gamma energy. 

Figure D-3 shows the d i s t r ibut i on o f p a r t i a l rad iat ive widths f o r 
three o f the primary t rans i t i ons f o r 20 reso lved resonances. The d i s t r i -
bution i s f i t wel l by a chi-squared d i s t r ibut i on with one degree o f 
freedom consistent with the s t a t i s t i c a l model f o r rad iat ive decay. 

Data analysis and data acqu is i t i on o f the low-energy photon 
spectra are continuing. 

3. A Hauser-Feschbach Calculation o f the Neutron Spectrum from 252Cf 
Spontaneous F i ss i on . (J . C. Browne and F. S. Dietr i ch ) 

In order t o invest igate the o r i g in o f high-energy y-rays that we 
recent ly observedl l from 252£f spontaneous f i s s i o n , we performed a 
s t a t i s t i c a l ca l cu lat ion using the Hauser-Feschbach formalism assuming the 
y-ra.ys or ig inate by competition with neutron emission from the h igh ly -
exc i ted f i s s i o n fragments. A sp ino f f o f t h i s ca l cu la t i on i s the energy 
spectrum o f neutrons emitted in 252pf spontaneous f i s s i o n . 

Figure D-4 represents recent measurements o f the 252Qf neutron 
spectrum by Meadows^ and by Green et_ a l . 1 ^ Assuming a Maxwellian d i s -
t r ibut i on o f the form SE exp ( -E/T) Meadows obtained a temperature 
T = 1.59 MeV (0 .5 MeV 5 E - 10 MeV) while Green et a l . obtained T = 1.1+0 
MeV ( l MeV 5 En f 8 MeV). More recent measurements by Auchampaugh et a l . lU 

iOw.R.Dodge and J.J.Murphy I I , PRL 28, 839 (1972). 
1 : LF.S. Dietr i ch et a l . , UCRL-75268 (1973) . ( t o be published in Fhys. 

Rev. C . ) . 
12J.W.Meadows, Phys. Rev. 1 1 0 7 6 (1967) . 
1 3L.Green et a l . , NSE 50, 257 (1973). 
111 G.F.Auchampaugh (private communication). 
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Figure D-3 Distr ibution of par t ia l radiat ive widths f o r 3 primary t rans i t i ons from 20 resolved 
resonances. The V = 1 (Porter-Thomas) chi-squared d i s t r i b u t i o n best f i t s the data. 
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E„ (MeV) 
D-1; A representative plot of the f i ss ion neutron spectrum 

from two di f ferent measurements and the present calculation 
where N(E) ^ / E exp C-E/T) corresponding to a, Maxwellian 
distr ibut ion. 
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axe in e x c e l l e n t agreement with. Green et_ al_. Our c a l c u l a t i o n y i e l d s a 
temperature T = 1 .25 MeV f o r the 2 - 1 3 MeV neutron energy range in 
reasonable agreement with the Green data. Deta i l s o f t h i s c a l c u l a t i o n 
w i l l be presented in a forthcoming paper 

k. Neutron-Capture Cross Sections f o r 188,190,1920s. ( j . ^ C . Browne 
and B. L. Berman) 

We have measured the (n,y) c ross sec t ions f o r 
neutron energies from 2 eV t o l60 keV. Capture y - rays were detected v ia 
a pa i r o f C6 D6 s c i n t i l l a t o r s . The 3 .9 - eV "b lack resonance" o f 1°5H 0 
was used f o r c r o s s - s e c t i o n normalization. The shape o f the neutron f l u x 
was measured with the l^B (n ,ay ) r eac t i on using a 50-cm3 Ge(Li) d e -
t e c t o r t o observe the ^77-keV y - r a y . The data are current ly being 
analyzed. Similar measurements f o r l 8 6 , l 8 7 , l 8 9 o s are planned f o r l a t e 
summer o f t h i s year . 

5. Neutron Total Cross Sect ion f o r Tritium. (T. W. P h i l l i p s , B. L. 
Berman and J . D. Seagrave*) 

In preparation f o r our upcoming measurements o f the H ( n , t o t ) 
c ross s e c t i o n , we have made prel iminary measurements using 1H and 2H 
samples in the MeV reg ion at the pulsed-neutron f a c i l i t y at the L i v e r -
more l i n a c , using a 250-m f l i g h t path and a p r o t o n - r e c o i l neutron d e -
t e c t o r . The gas samples, which are contained in s t e e l cy l inders 1-m long 
at 170-atm pressure , are cyc led automatical ly into the beam together with 
an i d e n t i c a l evacuated sample conta iner , and a l l three vesse l s are 
mounted ins ide a ro ta t ing secondary-containment v e s s e l . Both neutron 
t i m e - o f - f l i g h t and p r o t o n - r e c o i l pulse-height data are c o l l e c t e d f o r each 
event in a way s imilar to the one used f o r our e a r l i e r measurements on 
207pb.l5 

Numberous problems in the experimental apparatus and procedures 
have been uncovered and/or correc ted during these prel iminary measure-
ments, and the main experiment i s planned t o be car r i ed out in the l a t e 
summer and e a r l y f a l l . 

Los Alamos S c i e n t i f i c Laboratory, Los Alamos, New Mexico 875^1+. 
^T. W.Phi l l ips and B.L.Berman, TJSNDC Report , May 5 , 1973 (UCID-16037). 
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E. CONTROLLED THERMONUCLEAR RESEARCH APPLICATIONS 

1. Calculations of a Fast Fission Blanket for DT Fusion Reactors 
with Two Evaluated Data Libraries. (R. C. Haight and J. D. Lee) 

A conceptual fusion-f ission hybrid reactor blanket of Werner and 
L e e 1 " AT has "been investigated with two evaluated data l ibrar ies , the 
ENDF/B-III and the Lawrence Livermore Laboratory Evaluated Nuclear Data 
Library (ENDL). These l ibraries are similar in their evaluations of 
t o t a l , f i s s i on , capture and many other cross sections for the materials 
in this problem (238y, 235u, Nb, Ni, Fe, 7Li, ^Li). The neutron emission 
spectra following lU-MeV neutrons incident on 238u, 235u, Nb, Ni, and Fe 
are however quite dif ferent in the two evaluations with the ENDL having 
harder emission spectra. 

Calculations were made with the Monte Carlo code TART. S i g n i f i -
cant differences were found in tritium breeding, 239Pu breeding and 238U 
and 235u f iss ions with the ENDL calculation being higher by J to 28$ 
(Table E - l ) . These differences are attributed to differences in emission 
spectra following the f i r s t non-elastic interaction of a lU-MeV fusion 
neutron. With the harder emission spectrum (ENDL) there is a greater 
chance for these secondary neutrons to induce f iss ion in 238U which has 
an e f f e c t ive threshold near 1.5 MeV. With more f i s s i ons , there are more 
neutrons in the system and hence more tritium and 239Pu breeding and more 
235y f i ss ions . 

Relevant di f ferent ial - integral tests of the evaluated neutron 
emission spectra above 2 MeV exist in the lU-MeV pulsed spheres of the 
lithium isotopes , 1 of iron,1>18 and of 235u and 238u.l The sphere data 
for the lithium isotopes are calculated quite well by either the 
ENDF/B-III or the ENDL. The sphere data for iron1® and the uranium i s o -
t o p e s ^ on the other hand, are calculated much better with the ENDL than 
the ENDF/B-III, the latter l ibrary giving too few non-elastic neutrons 
above 2 MeV. We therefore have more confidence in the ENDL evaluations 
for this particular conceptual design. 

* Complete paper was presented at the First Topical Meeting on the Tech-
nology of Controlled Nuclear Fusion, San Diego, April l 6 - l 8 , 197^.Con-
ference 7I+0U02 (to be published). 

^J .D.Lee , "Neutronics Analyses of a 2500 MWth Fast Fission Natural 
Uranium Blanket for a DT Fusion Reactor" ib id . 

irfR.W.Werner and L.D.Hansborough "A Modular Fission-Fusion Hybrid Blanket" 
ib id . 

l8L.F.Hansen, et_ a l . Nucl. Sci . Eng. 51., 278 (1971) . 
^R.J.Howerton and M.H.MacGregor, "Evaluated Neutron Reaction Data for 

Uranium-238", UCRL-51U27 (1973). 
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Table E-1 - Reactions by Zone per Fusion 

Reaction ENDF ENDL 
RATIO 

(ENDF/ENDL) 

6 L i ( n , t ) 

7 L i ( n , n » t ) 

Tritium Breeding 

0.9^ 

0.0 6 

Total Tritium Breeding 1.00 

1.16 

0.07 

1.23 

0 . 8 1 

0.8 

0.81 

238 U(n,y) 

239 

2.13 

Pu Breeding 

2.28 0.93 

Fission 

238 . U f i s s i o n 

235 U f i s s i o n 

Total f i s s i o n 

0.60 

0.12 

0.72 

0.81+ 

0.13 

0 .97 

0.72 

0.87 

0.74 
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LOS ALAMOS SCIENTIFIC LABORATORY, UNIVERSITY OF CALIFORNIA 

A. STANDARDS 

1. Total Cross Sections of 3He and **He (Seagrave, Hall) 

In the publ i cat ion of the resu l t s on 3He and "̂ He t o t a l cross 
sect ions at RPI,1 we o f f e r e d t o supply spl ine interpo lat ion graphs and 
tab les on request . To provide more useful access , the resul ts f o r 3He 
are shown in Table A - l . Graphs and a tab le f o r ^He (which i s complicated 
by f i t t i n g the sharp resonance near 22 MeV) w i l l be given in the next 
status report . 

2. Total Cross Section of Tritium (Seagrave; Berman, LLL) 

Preparations f o r th i s experiment are s u f f i c i e n t l y complete 
that a one-week run on deuterium and hydrogen has been scheduled in May, 
provided that f i n a l welding and t e s t s o f the high-pressure transmission 
c e l l s can be carr ied out as scheduled. 

Provisions f o r t o t a l containment o f a tr i t ium leak within the 
sample-changer barrel have eased sa fe ty considerat ions ; elaborate weld-
ing c e r t i f i c a t i o n procedures and tes t ing at LLL, together with the t o t a l 
dry run on deuterium (handled as i f i t were tr i t ium) in the operational 
schedule, have contributed t o the conf idence with which the experiment 
w i l l be conducted. 

3. Absolute Cross Sections f o r 2 3 5 U ( n , f ) (Smith, Hansen, Barton, 
Jarvis ) 

Considerable time has been spent checking the accuracy o f our 
te lescope treatment against other published work, such as that o f John-
son, 2 by Fowler, and an unpublished repor t .^ These checks give consider-
able conf idence in the e f f i c i e n c y o f the t e l escope and the accuracy o f 
the paper. Drafts o f the 2 3 5U and the proton r e c o i l te lescope papers are 
expected to be completed and avai lable shor t ly . 

C. A. Goulding, P. S t o l e r , and J. D. Seagrave, Nucl. Phys. A215 (1973) 
253-259. 

2 Fast Neutron Physics 
3 

BRL Report 1657, by Andrus N i i l e r and James E. Youngblood (unpublished). 
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Table A- l 

Interpolat ion Table f o r the 3He Total Cross Sections 

Energy Sigma Energy Sigma 
(MeV) (mb) (MeV) (mb) 

a.5 2820.03 10.5 1455.26 
0.6 2752.92 11.0 1403.73 
0 .7 2721.34 11.5 1355.80 
0 .8 2720.25 12.0 1311.18 
0.9 2744.61 12.5 1269.55 
1.0 2789.40 13.0 1230.60 
1.1 2849.58 13.5 1194.04 
1.2 2919.82 14.0 1159.55 
1.3 2992.86 14.5 1126.84 
1.4 3060.70 15.0 1095.70 
1.5 3115.56 15.5 1066.07 
1.6 3154.47 16.0 1037.87 
1.7 3179.01 16.5 1011.05 
1.8 3190.91 17.0 985.53 
1.9 3191.92 17.5 961.24 
2.0 3183.79 18.0 938.12 
2.2 3147.07 18.5 916.09 
2.4 3094.68 19.0 895.10 
2.6 3036.50 19.5 875.07 
2.8 2974.87 20.0 855.94 
3.0 2911.33 20.5 837.63 
3 .2 2847.38 21.0 820.09 
3.4 2784.54 21.5 803.24 
3.6 2723.72 22.0 787.01 
3.8 2664.92 22.5 771.34 
4.0 2608.08 23.0 756.16 
4.2 2553.13 23.5 741.41 
4.4 2500.00 24.0 727.01 
4.6 2448.61 24.5 712.89 
4.8 2398.90 25.0 699.00 
5.0 2350.79 25.5 685.25 
5.5 2237.07 26.0 671.59 
6.0 2131.84 26.5 657.95 
6.5 2034.00 27.0 644.25 
7.0 1942.61 27.5 630.44 
7.5 1857.28 28.0 616.44 
8.0 1777.69 28.5 602.18 
8.5 1703.55 29.0 587.60 
9.0 1634.54 29.5 572.64 
9.5 1570.35 30.0 557.21 

10.0 1510.70 
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B. NEUTRON DATA APPLICATIONS 

1. Weak Gamma Transitions from 9Be(n,Y)1 0Be and Radiative 
Capture o f Thermal Neutrons by 9Be (Jurney) 

The prompt gamma-ray spectrum from thermal neutron capture 
in natural b e r y l l i u m * h a s recent ly been remeasured with the in te rna l -
ta rge t , thermal-capture-gamma-ray f a c i l i t y at the LASL Omega West Reactor. 
A Ge(Li) de tec tor , surrounded by an o p t i c a l l y divided Nal annulus, was 
operated in the anticoincidence mode t o observe the spectrum up to 3 MeV 
and in the double-escape mode to cover the 2 t o 7 MeV energy range. The 
amount of target material viewed by the detector was approximately 0.6 
mol. Cross-sect ion normalization to hydrogen capture was made by record-
ing the spectrum from the beryll ium target combined with a 140 mg/cm^ 
target of CH2. 

The gamma rays observed in th i s experiment are l i s t e d in Table 
B - l . The f i v e weaker o f these t rans i t i ons have not been reported pre -
v i o u s l y ; the in tens i ty o f the weakest gamma (219 keV) corresponds t o a 
p a r t i a l capture cross sec t ion of about 4 yb. The t rans i t i ons in Table 
B-l are a l l consistent with known leve ls in 1 0Be, as shown in Fig. B - l . 

The (n,y) cross sec t ion of 9Be, ca lculated by taking an 
energy-weighted sum o f the observed gamma rays , i s 7.6±0.8 mb. The value 
of 9 .2±1.0 mb, given in BNL-325,3 i s based on a var ie ty of measurements 
that include gross absorption techniques ( p i l e o s c i l l a t o r , d i f f u s i o n ) 
that are suscept ib le to trace amounts of chemical impurities in the 
sample used. The beryll ium used in the measurement reported here was 
an except ional ly pure one, obtained from Kawecki Berylco Company. I ts 
major impurities were determined f o r a separate appl i cat ion by observing 
the "impurity" capture gamma-ray spectrum. 

1E. T. Jurney and H. T. Motz, WASH-1044 (1963). 
2E. T. Jurney and H. T. Motz, Proc. Int. Conf. on Nuclear Physics with 

Reactor Neutrons, ANL-6797 (1963). 
3Neutron Cross Sect ions , BNL-325, Third Edit ion, Vol. I . 
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2. R-Matrix Analysis o f the Compound System (n+12C) from 1.6 to 
8 .3 MeV) (Auchampaugh, Ragan) 

1 2 
The least-squares search routines MULTI and EDA are being 

used to f i t the recent h igh-reso lut ion t o t a l c r o s s - se c t i on data^ and the 
d i f f e r e n t i a l data 4 » 5 on 1 C in an attempt to determine the spins and 
p a r i t i e s o f a l l known resonances in the 13C system up to 12.6-MeV e x c i t a -
t ion energy. MULTI has been used to obtain a preliminary set o f param-
eters f o r the resonances using jus t the a j data. These parameters w i l l 
be used as s tart ing values in the code EDA, which simultaneously handles 
both a T and da to obtain a f i n a l set o f parameters. 

3. Gamma-Ray Angular Distr ibut ion from the Radiative Capture 
o f 14-MeV Neutrons (Arthur, Drake; Halpern, VSM, 
University o f Washington) 

We are continuing the measurements o f gamma-ray angular d i s t r i -
butions from the radiat ive capture o f 14-MeV neutrons. Whereas we made 
previous measurements o f capture on l i ght nucle i ( 1 0 B, 1 2C, 2 9 S i , and 

Ca), we have now obtained data f o r radiat ive capture on 8 9Y, Zr, 
1 6 5Ho, 2 0 7Pb, and 2 3 8 U. We observed some forward-backward asymmetry 
in the angular d i s t r ibut ions obtained from capture on the heavier n u c l e i , 
in contrast to the symmetric d i s t r ibut ions observed in rad iat ive capture 
o f l ight nuc l e i . The anisotropy observed in these gamma ray angular d i s -
t r ibut ions may resul t from c o l l e c t i v e quadrupole exc i ta t i ons in the tar -
get nucleus; although, to confirm t h i s , we plan a systematic study o f 
rad iat ive neutron capture on medium-to-heavyweight nuc l e i . A Letter that 
describes the resul ts o f the previous angular d i s t r ibut i on measurements 
on 1 0B. 12C 2 9 S i , and lf0Ca has been wr i t ten , and resu l ts from capture o f 
8 9Y, 9 Zr, Ho, and 2 3 8U were presented at the Washington APS meeting. 

G. F. Auchampaugh, "MULTI, A FORTRAN Code f o r Least-Squares Shape 
Fi t t ing of Neutron Cross-Section Data Using the Reich-Moore Multi -
Level Formalism," LA-5473-MS (1974). 

2 
D. Dodder, G. Hale, K. Witte, "EDA - Energy-Dependent Reactance 
Matrix Analysis Code"; pr ivate communication (1974). 

3 G. F. Auchampaugh and C. E. Ragan, USNDC-9, p. 116 (1973). 
4 

D. E. Velkley, J. D. Brandenberger, D. W. Glasgow, M. T. McEllistreum, 
J . C. Manthuruthil, Phys. Rev. C7, 1736 (1973). 

5W. Galat i , J. D. Brandenberger, and J. L. Weil , Phys. Rev. C5, 1508 
(1972). 
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Table B - l . Energies and Intens i t i es of Gamma Rays from 9Be(n,Y) 1 0Be. 

Gamma Ray 
Energy 
(keV) 

Transit ion 
Energy 
(keV)a 

I 
Y 

(mb) 
I 
Y 

(r /100 n) 

219.30±0.2 219.30 0.004±0.001 0.05 
547.41±0.15 547.42 0.012±0.002 0.16 
631.83±0.15 631.85 0.018±0.003 0.24 
853.53±0.2 853.57 2.0 ±0.2 26.4 

2590.1510.1 2590.51 1.7 ±0.2 22.4 
2811.8 ±0.3 2812.2 0.010±0.002 0.13 
2896.4 ±0.3 2896.9 0.011±0.002 0.15 
3367.6 ±0.2 3368.2 2.5 ±0.2 33.0 
3443.5 ±0.2 3444.1 0.86 ±0.08 11. 3 
5956.7 ±0.3 5958.6 0.11 ±0.02 1.5 
6809.4 ±0.3 6811.9 4.9 ±0.5 64.6 

£ Gamma-ray energy corrected f o r nuclear r e c o i l . 

4. Cross-Section Evaluations 

a. 6Li (Hale, Dodder, Young, Stewart) 

A multichannel, mult i leve l R-matrix analysis o f the sy-
stem (n - 6 Li ;a -T) has been used to provide evaluated 6 L i ( n , n ) , 6 Li (n ,a ) 
and t o t a l cross sect ions up to neutron energies o f ~1.7 MeV. Input data 
have included d i f f e r e n t i a l cross sect ions and po lar i za t i ons , as well as 
t o t a l and integrated cross sec t ions . Because o f apparent discrepancies 
among d i f f e r e n t data s e t s , which cannot be resolved at the present time, 
the analysis was heavi ly weighted in favor of the Harwell and ORNL t o t a l 
cross sect ions and the shapes o f the integrated 6 Li (n ,a ) cross sect ions . 
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b . 7Li (Foster , Young) 

The t o t a l cross sect ion has been reevaluated above 500 
keV to take advantage o f recent measurements and the ent i re data f i l e 
has been extended to an incident neutron energy o f 20 MeV in order to 
meet the requirements o f ENDF/B-IV. 

C. BASIC PHYSICS DATA 

1. 3 3S(n,cp (Auchampaugh. Howard) 

The 3 3 S(n ,a ) cross sect ion has been measured from 10 to 666 
keV using a thin lithium target ( -50 keV) f o r the data above 200 keV 
and a thick lithium target and conventional t i m e - o f - f l i g h t techniques 
f o r the data below 200 keV. The data are presented in Fig. C - l . A f o i l 
o f 2 3 5U was used to measure the f l u x . The amount of material on the S 
f o i l s was determined by using a thermal beam and the known th(n ,a ) 
140±30 mb. These data w i l l be combined with a measurement o f the o ( n , y ) 
cross sect ion currently underway at ORELA to determine the r a / r y branch-
i n g - r a t i o f o r th is nucleus, which i s o f importance in the nucleosynthesis 
o f the rare i sotope 3 6S. 

2. Direct Reaction Fission Studies ( B r i t t , Gavron, Weber, 
Wilhelmy) 

Preliminary runs have been performed to invest igate two aspects 
of the f i s s i o n process . F i r s t , we have looked at the dependence o f 
r f / T n on the exc i ta t i on energy above the f i s s i o n b a r r i e r , using (3He,d) 
and ( 3 He,t ) reac t ions . Various microscopic models pred i c t dips in this 
r a t i o a few MeV above the b a r r i e r , and we w i l l attempt to determine i f 
they e x i s t experimentally. The second ser ies o f experiments involves 
determination o f the mass and k i n e t i c energy d i s t r ibut i on o f f i s s i o n 
fragments as a function o f the exc i ta t i on energy in various d i r e c t reac -
t i o n s . In p a r t i c u l a r , we wish to determine whether these d i s t r ibut ions 
vary when the f i s s i o n i n g nucleus goes through a v ibrat ional (subbarrier) 
resonance and whether d i f f e r e n t components o f the mass spectrum have d i f -
ferent f i s s i o n b a r r i e r s . 

Preliminary runs have been performed f o r each o f these exper i -
ments, and the experimental equipment i s operating s a t i s f a c t o r i l y . We 
plan to schedule runs f o r serious data taking in the near future . 
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D. NUCLEAR DATA FOR SAFEGUARDS 

Spectrum o f Delayed Neutrons from Fast Fission o f 2 3 5U 
(Evans, East) 

3 1 2 
A He neutron spectrometer o f the type developed by Shalev ' has 

been used t o measure the energy spectrum o f delayed neutrons from sub-
MeV f i s s i o n o f 2~5IJ. Delayed-neutron spectra have been measured f o r 
thermal f i s s i o n , and f o r f i s s i o n induced by 14-MeV neutrons.^ 

The LASL Group A-l Van de Graaff was used t o acce lerate '25 uA o f 
2.15-MeV protons onto a 1.9-mg/cm2 -thick lithium target , producing neu-
trons o f energies between 80 and 420 keV at an approximate l eve l o f 1.25 
x 109 n / s r - s e c in the forward d i r e c t i o n . A 75-mm- by 75-mm- by 1-mm-
thick p late o f uranium enriched to 97% 2 3 5U was placed d i r e c t l y in f ront 
o f the target . The Shalev spectrometer was pos i t ioned with i t s axis 190 
mm in f ront o f the uranium p la te . A 50-mm-thick lead shie ld was placed 
between the sample and the spectrometer to suppress gamma pi leup . To 
suppress the thermal and epithermal neutron response o f the system, the 
spectrometer was enclosed in a 6.35-mm-thick Boral box l ined with 0.75 
mm of cadmium. 

The energy response o f the spectrometer was measured with mono-
energet ic neutrons produced by bombarding a 0.1-mg/cm2 -thick lithium tar -
get with protons to produce neutrons o f energies between 0.15 and 1.50 
MeV. The ca l ibrat ion runs were normalized to the response of a modified 
3He long counter known to have an energy-independent response in the 
interval from 0.25 to 4.0 MeV. The " long counter" was located 2 m from 
the target and 7.5° o f f the beam l i n e . Pulse-shape discr imination was 
used to suppress gamma radiat ion and 3He r e c o i l s from the response o f the 
detector system. 

1A. E. Evans and L. V. East, LA-5291-PR, p. 17 (1973). 
2 

J. Cutt ler , S. Shalev, and Y. Dagan, "A High-Resolution Fast-Neutron 
Spectrometer," Trans. Amer. Nucl. Soc. 12̂ , No. 1, 63 (1969). 

3 
R. Batchelor and H. R. Mck. Hyder, "The Energy of Delayed Neutrons from 
F i s s i o n , " J. Nucl. Energy 7 (1956). 4 
S. Shalev and J. M. Cutt ler , "The Energy Distr ibut ion o f Delayed-Fission 
Neutrons," Nucl. Sc i . Eng. 51-52 (1972). 

" ' w . R. Sloan and G. L. Woodruff, "Delayed-Neutron Energy Spectra , " 
Trans. Amer. Nucl. Soc. T5, No. 2, 942 (1972). 

6G. Fieg, J . Nucl. Energy 26, 585 (1972). 
7 * L. V. East and R. B. Walton, "Polyethylene-Moderated ^He Neutron 

Detectors , " Nucl. Instr . Methods 72, 161 (1969). 



156. 

Delayed-neutron spectra were accumulated using the modulated-source 
technique 8 as modified f o r small-sample assay . 9 The uranium sample was 
bombarded with 35-msec pulses o f neutrons at a rate o f 10 p u l s e s / s e c . 
Delayed neutrons were detected during 40-msec counting gates s tar t ing 
15 msec a f t e r termination of the beam pulses . With th is duty c y c l e , the 
spectrum measured i s a true equilibrium delayed-neutron spectrum as 
would be found in a s teady-state reac tor . 

The delayed-neutron spectrum shown in Fig. D-l has been corrected 
f o r detec tor response ( i . e . , detector e f f i c i e n c y vs energy) derived as 
above; however, no attempt has been made t o correct f o r the continuum o f 
pulses f o r neutrons o f energy less than about 250 keV. Thus, the lower 
energy region o f the spectrum in Fig. D-l i s overestimated in in tens i ty . 

The delayed-neutron spectrum i s seen t o have a complex l ine s t ruc -
ture , as observed by Shalev4 and by Sloan and Woodruff.1° Table D-l l i s t j 
the neutron energy peaks observed in 23SU neutron-induced f i s s i o n and in 
spontaneous f i s s i o n of 2 5 2 Cf (the l a t t e r was obtained using a t ime-o f -
f l i g h t technique by Chulick et a l .H) . The corroboration i s obvious. 

Fig. D-2 i s a log p l o t of the neutron spectrum showing the magni-
tude of the high-energy " t a i l . " The measurements o f Sloan et a l . ' -^ in-
dicate that about 2% of the observed spectrum i s caused by prompt neu-
trons from f i s s i o n produced by mul t ip l i ca t ion in the sample. This would 
indicate that the energy end point of the delayed-neutron spectrum as 
observed in this work i s about 2 MeV, in rough agreement with Sloan. 

8 C. F. Masters, M. M. Thorpe, and D. B. Smith, "The Measurement of 
Absolute Delayed-Neutron Yields from 3 .1 - and 14 .9 - MeV F i s s i o n , " 
Nucl. Sc i . Eng. 36, 202 (1969). 

^A. E. Evans, "The Expanding Role of the Small Van de Graaff in Nucleai 
Nondestructive Analys i s , " IEEE Trans, on Nucl. Sc i . NS-20, No. 3, 989 
(1973) . 

4 S . Shalev and J. M. Cutt ler , "The Energy Distr ibut ion o f Delayed-
Fission Neutrons," Nucl. Sc i . Eng. 51-52 (1972). 

10W. R. Sloan and G. L. Woodruff, "Delayed-Neutron Energy Spectra , " 
Trans. Amer. Nucl. Soc. T5, No. 2, 942 (1972). 

•^E. T. Chulick, P. L. Reeder, C. E. Bemis, J r . , and E. E i ch ler , 
"Energy Spectrum of Delayed Neutrons from the Spontaneous Fission of 
2 5 2 C f , " Nucl. Phys. A168, 250 (1971). 

12W. R. Sloan, G. L. Woodruff, J. B. Arthur, and R. C. Parker, 
"Mult ip l i cat ion E f f e c t s in Measurements o f Delayed-Neutron Energy 
Spec tra , " Trans. Amer. Nucl. Soc. 13, No. 2 759 (1970). 



Table D-l 

Comparison o f Measured Delayed-Neutron Energy Peaks in 2 3 5U 
Neutron-Induced Fiss ion and 2 5 2 Cf Spontaneous Fission 

2 5 2 C f Spontaneous Fission 
Chulick et a l . a 

CkeV) 

2 3 SUCn,f) 
Shalev and Cutt ler b 

(keV) 

Sloan and Woodruff0 

CkeV) 

Present Work 

(keV) 

Ref. 11 
Ref. 4 

c Ref . 10 

33 i 1 
4 1 + 1 
60 ± 3 

75 76 i 3 
95 4 90 ± 2 

104 +_ 4 103 +. 4 
135 +_ 5 125 129 + 5 
158 8 170 161 ± 4 
188 +_ 10 180 183 + 9 
205 11 210 
225 + 13 
240 +_ 18 255 240 + 5 
265 17 283 + 7 
340 +_ 25 320 351 +. 9 
430 _+ 32 420 420 +. 8 

440 
480 467 +. 11 
500 
570 552 +. 20 
680 
750 
850 
950 

1145 

70.6 
77.8 

109 
133 

181 

238 
262 

441 

504 
542 
685 
740 
836 
937 
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E. CHARGED PARTICLE REACTIONS 

1. P o l a r i z a t i o n Transfer in the T(d,n1 He Reaction (G. Ohlsen, 
R. Poore , J . Sunier , R. Hardekopf, L. Morrison, and G. 
Salzman) 

A long run in January allowed the completion o f the planned 
measurements at 7 MeV. We have t e n t a t i v e l y decided t o publ ish t h i s i n -
formation and de fe r the 14-MeV measurements t o a l a t e r date . The Kl 
data , in p a r t i c u l a r , do not agree with the p r e d i c t i o n s provided by 
Dodder and Hale (based on the mirror system) and, hence, are proving 
valuable f o r s t ra ightening out the phenomenology o f the f i v e - n u c l e o n 
system. A paper on t h i s sub jec t was presented at the Washington APS 
meeting, as f o l l o w s : 

"The s i x p o l a r i z a t i o n t r a n s f e r c o e f f i c i e n t s K x '(0) , Kf'(0), 
K J ' ( 0 ) » K £ ' ( G ) , K £ ' ( 0 ) , and K ^ ( 0 ) f o r t h e r e a c t i o n T ( d , n ) 
^He have been measured at a laboratory deuteron energy of 
7.0 MeV. The angular range 9=0° to 0=105° was covered. 
The outgoing neutron p o l a r i z a t i o n was measured with the aid 
o f e i t h e r a d i p o l e or a s o l e n o i d sp in -precess i on magnet and 
a l i q u i d helium po lar imeter . The r e l a t i o n K| (0° ) = 
•̂ •[1 -r ^ - A Z Z ( 0 ° ) 1 holds f o r r eac t i ons with the present spin 
s t ruc ture (1 + - j "7 + • P r a c t i - c a l u t i l i t y o f t h i s 
r e l a t i o n f o r producing a beam o f neutrons with known p o l a r i -
zat ion w i l l be d i s c u s s e d . " 

2. P o l a r i z a t i o n Transfer in p-3He E l a s t i c Scatter ing at 16 MeV 
(R. Hardekopf and D. Armstrong) 

The data analys is f o r t h i s experiment has been completed, 
and G. Hale (LASL Group T-2) i s incorporat ing the r e s u l t s in h i s c a l -
cu la t i ons on the p-3He system. The abstract o f a paper that was p r e -
sented at the Washington APS meeting i s as f o l l o w s : 

"Angular d i s t r i b u t i o n s o f the p o l a r i z a t i o n t r a n s f e r c o e f f i -
c i e n t s K* , K^ , and K^ (Wolfenstein^parameters R, A, and 
D) were measured at 16.2 MeV f o r 3 He(p ,p ) e l a s t i c s c a t t e r i n g . 
The angular range covered was 30° t o 90° ( lab) in 10° s teps . 
The experiment used a p o l a r i z e d proton beam o f 150 t o 200 nA, 
a l i q u i d - n i t r o g e n coo led He gas t a r g e t , and a H e - f i l l e d 
proton po lar imeter . Pred i c t i ons o f the t r a n s f e r c o e f f i c i e n t s 
from the R-matrix parame 
agreement with the data . 
from the R-matrix parameters of Hale et a l . * are in good 

1 G. M. Hale, J . J . Devaney, D. C. Dodder, and K. Witte , Bul l . Am. Phys. 
Soc . 19 (1974) . 
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3. R-Matrix Analysis o f the d-t^He System (D. Dodder, K. Crosth-
waite , and G. Ohlsen) 

A paper was presented at the Washington APS meeting on th is 
work. The f i t remains at ~X2=3 per p o i n t , but examination of the f i t s 
convinces us that the problem l i e s in the data. The abstract i s as 
f o l l o w s : 

"An R-matrix analysis of ^HeCdjd) "*He cross s e c t i o n , analyzing 
power, and po lar i za t i on transfer measurements in the energy 
range 0-12 MeV has been made. Al l i n e l a s t i c i t y i s presumed 
to ar ise from the ^HeCdjp) 5He* and ^Hefd^) 5 Li* reac t i ons . 
The general behavior of the phase s h i f t s found by Schmelz-
bach et a l .^ are confirmed. Many new data^'^ are included in 
the analys is . At several points there i s s u f f i c i e n t i n f o r -
mation to uniquely determine a l l of the elements of the M 
matrix. Our a b i l i t y to f i t the data in these cases gives us 
conf idence that our so lut ion i s q u a l i t a t i v e l y c o r r e c t . " 

A. Schmelzbach, W. Griiebler, V. Konig, and P. Marmier, Nucl. Phys. 
A184, 193 (1972). 

2 
G. G. Ohlsen, P. A. Lovoi, G. C. Salzman, U. Meyer-Berkhout, C. K. 
Mi t che l l , and W. GrUebler, Phys. Rev. C8, 1262 (1974). 

3 
G. G. Ohlsen, G. C. Salzman, C. K. Mi t che l l , W. G. Simon, and W. 
Gruebler, Phys. Rev. C8, 1639 (1973). 
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THE UNIVERSITY OF MICHIGAN 

A. INTRODUCTION 

The Cross Section Project at The University of Michigan has contin-
ued to emphasis those measurements for which our f a c i l i t i e s are best 
suited, that i s , the absolute measurement of neutron-induced reaction 
rates in nearly monoenergetic neutron fluxes produced by photoneutron 
sources. The f a c i l i t i e s described in the prior progress report have 
been augmented with the addition of handling and monitoring equipment 
to permit the routine use of plutonium and californium f o i l s . Fission 
measurement plans for the next year wi l l make use of these new f a c i l -
i t i es to supplement earlier work completed on uranium f o i l s . Work has 
also begun on the use of a californium f iss ion spectrum source to aug-
ment the point energy measurements afforded by the photoneutron sources. 

B. ABSOLUTE DETERMINATION OF THE 235U FISSION CROSS SECTION AT 96U keV 
(D. M. Gilliam, G. F. Knoll) 

The results reported earlier for this measurement have been extended 
by an additional f iss ion rate measurement using a larger fo i l - to-source 
spacing. This additional data has allowed us to better calculate the 
room return component of the neutron flux in which the measurements are 
made, and also provide a check on values obtained from earlier measure-
ments using two independent smaller spacings. The additional data is 
in excellent agreement with that obtained earlier and result in a cross 
section value essentially unchanged from that reported earlier (1.20 
barns). The additional counting s tat i s t i cs , however, allow a reduction 
in the estimated uncertainty of the measurement from 2.3% to 2.0%. Work 
on this measurement is now essentially completed except for a possible 
check on target f o i l masses through alpha essay. While we do not fee l 
that the weighings used in our present determination of the target 
masses are subject to significant error, an independent determination 
through alpha counting would be desirable and is now planned to be 
carried out in cooperation with the National Bureau of Standards. 

C. ABSOLUTE FISSION CROSS SECTION OF 23^U AT 261 keV (G. F. Knoll, 
M. C. Davis, J. C. Engdahl) 

Experimental work is now near completion on a measurement of the 
f i ss ion cross section using a Na-D photoneutron source. Primarily 

due to the increased influence of reaction kinematics, the spectrum cal -
culated by Monte Carlo for this source shows a substantially broader 
distribution than the spectrum for the Na-Be source. We calculate a 
FWHM of 70 keV about a median energy of 26l keV. 



163. 

Procedures i d e n t i c a l t o those used in the higher energy measurement 
were employed with the same uranium oxide target f o i l s . Data from track 
etch counters are now being accumulated and various co r rec t i on fa c to r s 
evaluated. 

D. THE 6 Li (n ,a ) CROSS SECTION AT 9Sk keV (W. P. Stephany, G. F. Knoll ) 

Methods used in the measurement of t h i s cross sec t ion were described 
in the l a s t progress report and the experimental data have been com-
pleted f o r some time. The pr inc ipa l uncertainty l i e s in the extract ion 
of the f r a c t i o n of react ion products ly ing below the low-amplitude 
p i l e up t a i l due to intense gamma ray f l u x in which the measurements 
are made. Recent e f f o r t s have dealt with a more accurate modeling of 
the correc t i ons required f o r target f o i l s e l f absorption and are now 
near completion. A paper i s now in preparation which descr ibes d e t a i l s 
of th i s measurement f o r presentation at the Philadelphia Meeting of the 
American Nuclear Society in June. 

E. THE 2 3 9 Pu FISSION CROSS SECTION AT 96k keV (G. F. Knol l , M. C. 
Davis , J . C. Engdahl) 

The plutonium handling f a c i l i t i e s mentioned e a r l i e r have been put 
to i n i t i a l use in a measurement o f the 239pu f i s s i o n cross sec t ion using 
a pair o f Pu02 f o i l s . Some d i f f i c u l t i e s have been experienced in l o s s 
of material from the bare target f o i l s . As a resu l t we have suspended 
further measurements f o r the time required t o overlay the f o i l s with a 
su i tab le containment cover t o f a c i l i t a t e the c l o se handling required 
in our measurement techniques. We expect t o be able t o resume these 
measurements shor t ly . 

F. FISSION MEASUREMENTS USING A CALIFORNIUM FISSION SPECTRUM 

In the interest o f providing a use fu l and reproducable integra l 
measurement, we have begun to evaluate the f e a s i b i l i t y o f conducting 
f i s s i o n measurements in the neutron spectrum provided by the spontan-
eous f i s s i o n o f We have acquired a su i tab le low-mass cal i fornium 
source and are now adapting our experimental procedures t o accomodate 
that source . We intend t o again ca l i b ra te source intens i ty through the 
use of our manganese bath f a c i l i t y , and use r e s t r i c t e d s o l i d angle 
f i s s i o n fragment counting f o r r e g i s t r a t i o n of f i s s i o n events in a sep-
arate measurement. 
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G. NU-BAR DETERMINATION FOR 2^2Cf 

We are a l so studying the f e a s i b i l i t y o f using our manganese bath 
f a c i l i t y in the measurement of nu-bar (average number of neutrons per 
f i s s i o n ) f o r the spontaneous f i s s i o n of Our i n i t i a l plan i s to 
measure the neutron emission rate against NBS-II with the bath, and 
the f i s s i o n rate with r e s t r i c t e d so l id -ang le counting. A .05 microgram 
f o i l has been obtained f o r i n i t i a l studies o f fragment d i s t r ibut ions 
and detec t i on e f f i c i e n c y . Long-term goals include an absolute c a l i -
brat ion of the bath t o remove dependence on NBS-II c a l i b r a t i o n s . 



165. 

1. NATIONAL BUREAU OF STANDARDS 

A. NEUTRON PHYSICS 

1. Total Neutron Cross Sections (H. T. Heaton, II, J. L. Menke, R. A. 
Schrack, and R. B. Schwartz) 

A paper entitled "Total Neutron Cross Section of Carbon from 1 keV 
to 1.4 MeV" was given at the Washington Meeting of The American Physical 
Society. The abstract follows: 

"We have measured the total neutron cross section of high 
purity carbon to an accuracy of 1% over the energy range 
1 keV to 1.4 MeV using the 40 m TOF facility at the NBS 
linac. The measurements were made with a detector consist-
ing of approximately 1 kg of '°B viewed by 4 Nal crystals. 
The hydrogen cross section was measured at the same time 
as a check on the accuracy of the system with the result 
that the agreement between the measured hydrogen cross 
section and the results of the effective range value using 
the Davis and Barschall* parameters was within 0.6%. As 
a further check on the carbon cross section, a measurement 
of it using an Li glass scintillator was made from 1 to 
250 keV. The results from these two detectors agree on 
the average to within 0.7%. Finally, the carbon results 
agree in the energy region of overlap with our previous 
results in the MeV region using a proton recoil spectro-
meter. A polynomial fit to the data was made with 

a = 4.757 - 3.419E + 1.548E 2 - .328E 3 b(.001 z E z 1.4) 
where E = neutron energy in MeV." 

2. J M n,^)' Li Branching Ratio (G. P. Lamaze, A. D. Carlson, and 
M. M. Meier) 

Measurements of the branching ratio to the ground and first ex-
cited states of 'Li have been completed. A technical note on this work 
is being submitted to Nuclear Science and Engineering. The abstract of 
that work follows: 

* J. C. Davis and H. H. Barschall, Physics Letters B27 (1965) 630 
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"In order to resolve a discrepancy in determinations of 
the l 0B( n,a) Li branching ratio, a new measurement has been 
been made at the National Bureau of Standards. The 
measurement was made with a IOBF3 gas proportional counter 
and monoenergetic 790 keV neutrons obtained at the NBS 
3-MV Van de Graaff laboratory. A branching ratio of 
0.66 + 0.03 was obtained. This determination agrees 
with the measurements of Petree et al.and Davis et al." 

3. Fissionable Deposits for Absolute Fission Rate Measurements 
(J. A. Grundl) 

A set of fissionable deposits at the National Bureau of Standards 
includes five major isotopes, " 9 p U ) 2 3 5 ^ 2 3 8 ^ 237|\|ps 2 3 3 ^ f r 0 m more 
than a dozen batches of fissionable materials. The deposits, all 12.7mm 
in diameter on 19mm diameter backings of platinum or quartz, were fab-
ricated at three different laboratories. The largest number comes from 
the Los Alamos Scientific Laboratory where techniques of vacuum evapora-
tion with double rotation have provided uniform deposits for many years; 
important supplementary groups of fissionable deposits — with mass assay 
in some cases ~ have come from the Geel Target Preparation Center in 
Belgium and from the Oak Ridge Isotope Target Laboratory. Isotopic masses 
for the deposits are based on the determination of absolute alpha emission 
rates complemented by fission comparison counting in Maxwellian and mono-
energetic thermal neutron beams. 

4. Calculations for Intermediate Energy Standard Neutron Field 
Facility (ISNF) (C. M. Eisenhauer) 

We have investigated the effect on the ISNF spectrum of adding 
materials necessary for the fabrication of the boron shell. The addition 
of .02 at/(b-cm) of copper to the .05 at/(b-cm) of boron decreases the 
flux in the energy region from 1-30 keV by up to 20%. Much of this de-
crease is due to scattering resonances in copper. However, addition of 
.02 at/(b-cm) of aluminum to the boron decreases the flux in this region 
by less than 2%. Suprisingly enough, the addition of a similar amount of 
carbon decreases the flux by as much as 8%. Responses for various types 
of detectors have been calculated for the ISNF spectrum and for the 
cavity spectrum with no boron. 
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5. Calculation of Detector Responses in Fast Reactor Fluxes 
(C. M. Eisenhauer) 

We have modified existing computer codes to calculate the response 
of an arbitrary type of thin detector foil in an arbitrary spectrum of 
neutrons. The main modification was to permit the neutron spectrum to be 
specified in an arbitrary group structure. The code replaces the flux in 
each group by a linear function of lethargy in an attempt to better 
approximate the shape of the physical spectrum This spectrum is then 
folded with a fine set of detector cross sections to calculate the detec-
tor response. For cross section data we are using the 620-group SAND II 
library which includes sets based on ENDF/B III data. 

6. Neutron Radiography Using a Linac Neutron Source (J. Menke, R. A. 
Schrack, and C. D. Bowman) 

An investigation has begun on the use of energy dependent neutron 
radiography with a linac neutron source. Samples are inspected by trans-
mission measurements which are made with a spatial resolution of 1/4 inch 
for samples as large as 8 inches by 8 inches. A lithium glass neutron 
detector located 8m from a moderated tungsten neutron source is employed 
to determine neutron energies from their time-of-flight. This detector 
is interfaced to an SDS-920 computer. A computer program has been written 
for which four neutron time-of-flight windows may be selected which corres-
pond to energies of characteristic neutron cross section structures in 
the materials to be investigated. Thus, four computer pictures are pro-
duced for each object investigated. The computer program permits auto-
matic scanning of the 8-inch by 8-inch area to a preselectable statistical 
accuracy per mesh point. Preliminary runs with this system indicate that 
a good contrast picture can be obtained in less than one day with a 
beam power of 10 kW. This technique, although it is slow, has shown the 
capability of energy dependent linac neutron radiography measurements. 
A considerable improvement in spatial resolution and time required should 
be possible with position sensitive detectors. 

7. Investigation of Properties of NE-110 (G. P. Lamaze) 

This investigation is now completed and a letter to the editor is 
being prepared for submission to Nuclear Instruments and Methods. The 
experiment involved a comparison of responses of NE-110 and NE-102 to 
monoenergetic neutrons. The comparisons were made using the same RCA 
8850 photomultiplier tube for both scintillators. Figure 1 shows the 
relative efficiencies of these two scintillators as a function of 
neutron energy. The basic conclusion is that the responses of both 
scintillators are essentially the same above the 150 keV and that the NE-110 
is more efficient below that energy. To obtain maximum benefit of this 
higher efficiency, high quality photomultiplier tubes are recommended. 
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8. Search for y-Ray Decays in the Second Well of (C. D. Bowman, 
0. A. Wasson, and A. D. Carlson) 

We performed a preliminary search for y ray transitions in the 
second minimum of the double humped potential barrier in In par-
ticular we concentrated on the region of the 720 eV resonance where the 
RPI Group * has observed subthreshold fission which is associated with 
the second well. Since the second well is placed about 2.2 MeV above 
the first well and the neutron binding energy is 4.8 MeV, the maximum 
energy for y ray transitions in the second well is about 2.6 MeV. We 
thus searched for enhanced y ray strength for y ray energies less than 
2.6 MeV. The experiment was carried out at the 5 meter flight path of 
the newly installed Above-Ground Neutron Time-of-Flight Facility. We 
observed y ray spectra with a Ge(Li) detector for neutron capture in in-
dividual resonances of w e observed no enhancement in the y ray 
spectrum for neutron energies near 720 eV and have suspended operations 
until a more intense electron gun is available on the linac. 

B. ELECTRONUCLEAR PHYSICS 

1. Measurement of Nuclear Shapes by Electron Scattering (S. Penner, 
J. W. Lightbody, Jr., and S. P. Fivozinsky) 

We have been measuring the inelastic electron scattering cross 
sections of low-lying collective states in medium to heavy nuclei. The 
NBS facility is well suited to this work because our good energy resolu-
tion allows us to extract the cross sections for the often closely-spaced 
levels. The transition charge density between each level observed and 
the ground state is determined by the momentum transfer dependence of the 
cross section. In the case of a nucleus which is permanently deformed in 
its ground state, the transition charge densities of the states comprising 
the ground state rotational band, together with the spherical-average 
ground state charge distribution determined by elastic scattering, defines 
the three-dimensional charge density of the nucleus. 

Experiments of this type have been performed to date on the rare 
earth nuclei l 5 £ S m , 154s m,

 1 6°Er, 1 6 7 E r , 1 7 5 Y b , and on 2 3 2 T h and 2 3 8 U , 
in collaboration with a group from MIT. Assuming these nuclei to. be rigid 
rotors, we have deduced their ground state charge distributions including 
the quadrapole and hexadecapole (24-pole) components. Examples of these 
charge distributions are shown in Figure 2. An appropriate integral over 
these charge distributions gives the electric hexadecapole moment of the 
nucleus, which is the quantity measured by, for example coulomb excitation 

* R. C. Block, R. W. Hockenbury, R. E. Clovacek, E. B. Beam, and D. S. 
Cramen, Phys. Rev. Letters 31, 247 (1973). 
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experiments using heavy charge particle probes. In all cases, our 
agreement with published values of the hexadecapole moment (or the B(E4) 
value, which is closely related) is good. We emphasize that, because of 
the momentum transfer variable which can be adjusted at will in electron 
scattering work, our data provides a measure of the details of the charge 
distribution which is not accessible to conventional coulomb-excitation 
experiments. 

C. DATA COMPILATION 

1. X-Ray Attenuation Coefficient Information Center (J. H. Hubbell) 

The coherent and incoherent bound-electron scattering data tabula-
tions discussed in the last USNDC status report have been extended to in-
clude molecular as well as atomic hydrogen. Computational tasks have been 
completed, including numerical integrations to obtain total scattering 
cross sections as described in the following abstract of a manuscript in 
progress for the Journal of Physical and Chemical Reference Data: 

"Tables of the Atomic Form Factor and Incoherent Scattering 
Function for 0.005 £ sin (e/2)A <; 10 9 A " 1 , and Photon 
Coherent and Incoherent Scattering Cross Sections for 

0.1 keV ^ Ey £ 100 MeV, for 1 ^ Z 100 

J. H. Hubbell, National Bureau of Standards, Washington, D. C. 20234; 
W. J. Veigele and E. Briggs, Kaman Sciences Corp., 

Colorado Springs, Colorado 80907; 
and R. T. Brown and D. T. Cromer, Los Alamos Scientific Lab., 

Los Alamos, New Mexico 87544. 

Tabulations are presented of the atomic form factor, F(q,Z), and 
the incoherent scajtering function, S(q,Z), for values of q = (sin(e/2)A) 
from 0.005 to 10 9 A " 1 , for all elements Z = 1 to 100. These tables are 
constructed from available state-of-the-art theoretical data, including 
the Pirenne formulas for Z = 1, configuration-interaction results by 
Brown using Brown-Fontana and Weiss correlated wave functions for Z = 7 
to 100, and a relativistic K-shell analytic expression for F (q,Z) by 
Bethe and Levinger for q > 10 A _1 for all elements Z = 2 to 100. These 
tabulated values are graphically compared with available photon scattering 
angular distribution measurements. Tables of coherent (Rayleigh) and in-
coherent (Compton) total scattering cross sections, obtained by numerical 
integration over combinations of F^(q,Z) with the Thomson formula and 
S(q,Z) with the Klein-Nishina formula, respectively, are presented for 
all elements Z = 1 to 100, for photon energies 100 eV (A. = 124 A) to 
100 MeV (0.000124 A). The incoherent scattering cross sections also 
include the radiative and double-Compton corrections as given by Mork. 
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A table of F(q, § H 2 ) values is also given interpolated and extrapolated 
from the values calculated by Stewart el al using a modified form of the 
Kolos-Roothaan H 2 wavefunction, as well as S(q, § H 2 ) and the integrated 
coherent and incoherent scattering cross sections derived therefrom." 

2. Photonuclear Data Center (E. G. Fuller, H. M. Gerstenberg, and 
H. Vander Molen) 

With considerable help from Harold Vander Molen, the Nuclear 
Information Research Associate sponsored by the NAS ad hoc Panel on 
Nuclear Data Compilation, progress is being made on the development of a 
comprehensive annotated compilation of photonuclear-reaction cross section 
data. Sample evaluated data summaries have been prepared for several 
nuclides. These are being circulated to a number of both basic and 
applied users of photonuclear reaction data for comment and criticism 
before a final format for data presentation is frozen. They are also 
being discussed with possible publishers of the final compilation. At 
the present time, it appears that the compilation will be first published 
in a series of three sections, each covering a section of the periodic 
table. 

D. FACILITIES 

1. Above-Ground Neutron Time-of-FIight Facility (C. D. Bowman, 
A. D. Carlson, 0. A. Wasson, J. Menke, R. A. Schrack, and 
H. T. Heaton, II) 

The construction of the above-ground facility has been completed. 
Diagnostic runs in preparation for a measurement of the fission cross 
section in the MeV region are now being performed at the 60 meter station. 
The neutron flux determination for this measurement will be obtained by 
counting proton recoils from a thin hydrogenous film with a Si(Li) detec-
tor. The 235u fission events will be detected in a parallel plate ioniza-
tion chamber. At the 200 meter station, techniques are being developed 
for accurate measurements of the neutron flux from 1 keV to 2 MeV. The 
present effort is being concentrated on proton recoil gas proportional 
counters and black and NE-110 detectors. When this capability has 
been achieved, measurements of standard neutron cross sections will be 
made in the keV energy region. 

The software and hardware for the Datacraft 6024/5 on-line compu-
ter are nearly completed. A disc based multiparameter data acquisition 
system will be a central element in this system. 
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Considerably larger currents at short pulse widths will soon be 
available from the linac when a new high current injector and a tapered 
velocity buncher are installed, 

2. 3 MeV Van de Graaff Facility (M. M. Meier, G. P. Lamaze, and 
A. D. Carlson) 

The associated particle apparatus for keV neutron flux normaliza-
tion is assembled and has now been in operation for about three months. 
This device, similar to the one described by Liskien and Paulsen, monitors 
neutron flux from the T(p,n) 3 He reaction by detecting the associated 
3He nuclei. In order to operate in the neutron energy range below 1 MeV 
the 3ne nuclei must be detected at small angles. The presence of a large 
flux of elastic and inelastic protons and other reaction products from 
Al, Ti and T in the solid target presents a formidable background problem, 
illustrated in Figure 3. The curve labeled "ungated, undeflected" is a 
pulse height spectrum from a surface barrier detector (SBD) at a lab 
angle of 10°, showing the dominant elastic peak and continuum of charged 
particles which have been multiply scattered in the target chamber. For 
the "ungated, electrostatic deflection" curve the surface barrier detector 
has been displaced from the 10° collimation axis and an electrostatic 
field sufficient to steer the 3 H + + beam into the SBD has been applied. 
The counting rate is drastically reduced, contaminant reactions still 
dominate the spectrum. Finally, by using pulsed beam time-of-flight 
techniques a gate can be generated for the appropriate flight time of a 
3He nucleus from target to SBD. Applying this gate to the SBD pulse 
height spectrum strongly suppresses the contaminating background and 
allows the 3He peak to stand out as seen in the last curve of the figure. 
The instrument presently has the following characteristics for a neutron 
energy of 200 keV: 

1. Count rate: 20-30 neutrons/second in the associated cone. 
2. Neutron profile: The neutron cone has a full width at 

1/10 maximum of ~ 14°. 
3. Background in the 3He peak: 1.5-3% 

There are many promising avenues open for improvement of the 
above figures and they should therefore be regarded as truly preliminary. 

The 3 MeV Van de Graaff accelerator has been operating satisfac-
torily with most down time due to source replacement. Planned beam 
transport modifications include an after pulse to reduce dark current 
and a quadrupole for a threefold increase in analyzed, pulsed beam. 
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Interfacing at the Datacraft 6024/5 to CAMAC is in its final 
phase and on-line acquisition is anticipated in late summer. In the 
meantime, the recent extension of memory to a total of 16K has made 
possible the off-line use'of the machine for detector design computations. 
An executive for data acquisition and various manipulations has been 
written and debugged and operates in conjunction with the vendor supplied 
tape operating system. 

3. Beam Filters (R. B. Schwartz and I. G. Schroder) 

The scandium filter has been installed, and an approximate measure-
ment of the beam characteristics has been made. The 2 keV neutron flux 
is approximately 5 x 10 5 neutrons cm 2/sec, using the full 110 cm of 
scandium. The higher energy neutron flux, due to other windows in the 
scandium amounts to approximately 2% of the 2 keV flux. The addition of 
1 cm of titanium cuts the higher energy flux by approximately a factor 
of two, but also removes approximately 25% of the 2 keV flux. The gamma 
ray background in the beam is approximately 2 mR/hr above the room back-
ground. Additional measurements will be made to characterize the beam 
more accurately. An additional in-pile collimator has been designed 
which will further reduce the gamma ray background in the beam, and 
additional shielding is being built to lower the general room background. 

The silicon filters are expected to arrive from Oak Ridge this 
month, and will be installed by this summer. 

4. The Photon Activation Analysis Bremsstrahlung Facility 
(W. R. Dodge) 

The photon activation bremsstrahlung facility has recently been 
used over a much larger energy range and with larger incident electron 
beam currents than in the past. Current users of this facility (NBS 
photoactivation group and the Nuclear Atmospherics group at the University 
of Maryland) have needed more accurate photon beam position and intensity 
monitoring. A new electron beam viewing screen, water-cooled collimator, 
and ferrite beam current monitor have been installed in order to monitor 
the position and intensity of the incident electron beam. Emissions 
from coal burning power plants and from sludge burning disposal plants 
in this area have been analyzed for F and Pb content using this facility. 
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NAVAL RESEARCH LABORATORY 

A. NEUTRON PHYSICS 

1. Spins of Resonances in Lu 1 7 5 (A. I . Namenson, A. Stolovy and 
G. L. Smith) 

The ra t i os of low energy gamma rays were measured to determine 
the spins . The NRL Linac was used as a pulsed neutron source, and 
an 80 cc Ge(Li) detector was used to detect the gamma rays. Data were 
accumulated as two parameter information - t i m e - o f - f l i g h t by gamma ray 
energy. Fl ight paths of 22m and 10m were used. The Lu 1 7 5 sample was 
9 9 . p u r e . The very high density of low energy gamma rays in Lu 1 7 5 

made i t d i f f i c u l t to resolve many of the l ines from nearby ones. How-
ever , nine l ines were of s u f f i c i e n t intensity that they would not be 
s i g n i f i c a n t l y perturbed by the presence of nearby ones. The energies 
of these l ines together with the spins and par i t i e s of the levels from 
which they or ig inate are l i s t e d in Table A - l below. A l l energies are 
in keV. 

Table A- l 

Line Level Line Level Line 

I83 309 2" 201 kkl 5" 
I87 491 5 225 662 3" 310 
192 390 1 - 262 390 1" 335 

Level 

661 ( 5 + ) 
437 2 -
639 (h+) 

The i n t e n s i t i e s of the 201, 29+, 192, and 262 keV l ines showed 
a s i g n i f i c a n t dependence on the spin of the resonance. Since the I92 
and 262 keV l ines or ig inate from the same l e v e l , their in tens i t i es were 
added together and they were treated as a s ing le l ine . Some corre la t i on 
was a l so noticed between the in tens i t i es of the 201 and 284 keV l i n e s , 
even a f t e r the dependence on spin was removed. The in tens i t i es of these 
l ines were, there fore , a l so combined. However, the dependence of the. 
intens i ty on the spin of the resonance was d i f f e r e n t for the two 
d i f f e r e n t l i n e s , so instead of simple addi t ion , an optimum l inear 
combination was taken. This combination was such as to maximize the 
dependence on spin as compared to the f luctuat ions due to experimental 
uncertainties and Porter-Thomas f luc tuat ions . This leaves two sets of 
independent ra t i os from which the spin determinations were made. For 
i l l u s t r a t i o n purposes, another optimum linear combination of these two 
independent ra t i o s is shown in Figure A - l . In the l e f t port ion of this 
f i g u r e , the combined r a t i o f o r each resonance is plotted as a function 
of neutron energy. The error bars on the points represent experimental 
uncertainties only. The spins of resonances indicated by tr iangles have 
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been determined with better than 90% probab i l i ty . The two so l id 
hor izonta l l ines represent the average r a t i o f o r each spin , and the pair 
of dashed l ines surrounding each so l id l ine represents an estimate of 
the f luc tuat ions due to Porter-Thomas s t a t i s t i c s . We can see that there 
are very few ambiguous cases . The histogram on the r ight is the resul t 
of d iv id ing the v e r t i c a l sca le into f o r t y equal intervals and counting 
the average number of resonances in each zone. Noting that the error 
bars represent a Gaussian probabi l i ty d i s t r ibut i on f o r the l ocat ion of 
the resonances, an expectat ion value f o r the number of resonances in 
each zone was ca l cu lated . 

Table A-2 shows our spin assignments together with the 
p r o b a b i l i t i e s of their being cor rec t . From these assignments we can 
study the poss ib le spin-dependence of the d i s t r ibut i on of the number of 
resonances, the average reduced neutron width, and the strength funct ion. 
A Wald-Wolfowitz ca l cu la t ion showed that the spin 3 and spin k resonances 
are interlaced in a random manner. 

Table A-3 shows some of the resul ts of these ca l cu lat ions . The 
errors quoted in the f i r s t two l ines f o r the spin 4 and spin 3 popula-
tions are not completely independent. However, the third l ine shows a 
comparison of the two d i f f e r e n t groups with appropriate errors . A l l 
quoted uncertaint ies include uncertaint ies due to the f i n i t e number of 
resonances as wel l as uncertainties due to an incomplete knowledge of 
a l l the spins . I t should be noted that the last two ca lculat ions are 
based on only s ixteen resonances. In view of the considerably larger 
number of spins now known i t would be interest ing i f more neutron widths 
were determined. 

2. Resonances in Os 1 8 7 (A. I . Namenson, A. Stolovy and G. L. Smith) 

The apparatus and method of data c o l l e c t i o n is the same as in 
s e c t i o n 1 except that data were accumulated using only a ten meter 
f l i g h t path. Data c o l l e c t i o n was d i f f i c u l t since only O.3 gm of Os 1 8 7 

was ava i lab le . Because the Os 1 8 7 sample was enriched to only there 
was considerable inter ference from other Os isotopes - c h i e f l y from 
Os 1 8 9 . Nevertheless, from our two-dimensional data we generated time-
o f - f l i g h t spectra corresponding t o the 155 keV l ine in Os 1 8 7 and to the 
background regions on e i ther side of this l ine . By suitable subtraction 
of spectra we obtained a "background correc ted" t i m e - o f - f l i g h t spectrum 
f o r the 155 keV l ine . In this spectrum the interference of other 
isotopes was reduced to zero . 

1 S t o l o v y , Namenson, R i t t e r , Godlove and Smith, Phys. Rev. C5, 2030 (1972) 



Table A-2 
Spins of Neutron Resonances in L u

1 7 5 

Neutron Energy Spin Probability Neutron Energy Spin Probability 
(eV) w (eV) w 

2.6 100 127.4 3 100 

4-7 4 100 129. 4 4 99 
5.2 3 100 137.8 3 86 

11.2 3 100 1^3.0 3 98 
14.0 3 9 6 146.2 3 99 
1 5 . 3 4 100 148.8 ( M 63 
2 0 . 5 3 100 150.9 4 98 
2 3 . 5 3 100 155.4 4 99 
2 8 . 1 100 158.7 3 1 0 0 
3 0 . 2 4 100 164.0 3 99 
3 1 . 1 3 100 1 6 9 . 2 4 98 
3 6 . 5 3 97 171.5 3 94 
^0.7 3 100 175.8 3 97 
4 9 . 2 3 99 1 8 0 . 9 4 99 
50.2 4 99 185.4 3 99 
53-5 4 99 193.3 3 99 
56.7 3 93 1 9 6 . 8 4 94 
6 0 . 9 4 99 202.6 (3) 51 
6 9 . 6 98 204.4 4 81 

85.3 4 99 2 1 7 . 6 4 94 
8 8 . 1 (3) 70 2 2 3 . 9 3 94 
96.3 4 100 2 2 7 . 9 4 98 
99-7 3 99 2 2 9 . 6 4 99 

100.9 4 8 2 2 3 6 . 9 ( M 55 
102.8 4 100 244.5 3 97 
107.3 4 99 251.5 (b) 69 
112.7 3 99 2 5 6 . 4 3 99 
115.1 3 1 0 0 2 7 4 . 0 4 99 
1 1 8 . 6 3 99 



Spin k 

Spin 3 

Dif ference 

Relative 
Populations 

.kj6 ± . 0 7 0 

. 5 2 4 + . 0 7 0 

-.048 + .1^0 

Table A-2 

Average Properties of the Resonances 

Expected 
Relative 
Populations 
from 2J+1 
Rule 

.5625 

• 75 

. 1 2 5 0 

< 2grii > 
(In MeV-
based only 
on resonances 
up to 57 eV) 

0 . 6 8 + . 3 9 

1 . 6 3 + . 7 3 

- O . 9 5 + . 8 3 

s„(J) = i 1 1 / 1 x 1 0 

(based only on resonances up 
to 57 eV) 

0 . 3 8 + 0.22 

1.^9 + O .67 

- I . 1 1 + 0 . 7 0 
00 o 
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The energies of resonances ( in eV) observed in Os 1 8 7 are : 9-^8, 
1 2 . 6 , 19-9, 3 9 , 43, 48, 1+9.8, 50.3, 6 2 , 6 3 . 5 , 6 5 , 71.3, 7 8 , 8 3 . 5 , 

9 0 , 9 2 . 5 , 9 9 , 1 0 5 , 1 0 9 , 1 2 3 , 12^, 1 2 7 , 1 3 8 , l4l, 145, 155, 1 6 4 , 1 6 8 , 
1 7 6 , I 7 8 , 189, 201, 207, 214, 224, 227, 2 3 6 , 258, and 2 9 O . 

The spins of resonances at the fo l lowing energies were i d e n t i f i e d 
with 85$ confidence or b e t t e r : 

Spin l: 9.48, 1 2 . 6 , 1 9 . 9 , 43', 1 0 9 , 1 3 8 , 1 7 7 , 2 1 5 

Spin 0: 48, 49.8 

B. NEUTRON DATA APPLICATIONS 

1. Fast Neutron Spectrum Measurements with 1 0B (A. Sto lovy , 
A. I . Namenson, G. L. Smith, and D. H. Walker) 

A t i m e - o f - f l i g h t technique has been used to determine the fast 
neutron spectrum from a neutron generator at the NRL Linac. This 
generator is being used to study the s u s c e p t i b i l i t y of semi-conductor 
devices to fas t neutron damage. The neutrons are produced when a 22 
MeV e l e c t ron beam str ikes a water-cooled Ta target , which is surrounded 
by 4 inches of lead. The t i m e - o f - f l i g h t was observed f o r a 25 meter 
evacuated f l i g h t path, using 20 nsec beam pulses , a r e p e t i t i o n rate of 
3 6 0 pulses per sec . , and channel widths of 1 0 nsec. 

The detector must have an e f f i c i e n c y which is reasonable over a 
very wide range of neutron energ ies , and i t must recover rapidly ( < 1 |i 
s e c . ) from the l inac gamma-ray f lash . The spectrum from 0 .1 MeV to 6 
MeV was observed with the fo l lowing system: A target containing 51^ gm 
of 1 0B was placed in the neutron beam at 25 meters from the neutron 
generator. The 478 keV gamma-ray from the 1°B(n,Q'7)7Li react ion was 
observed with a 2 inch diameter by 2 inch thick Nal detector at a back 
angle and about 5 inches from the boron. With 1/8 inch of lead in f ront 
of the d e t e c t o r , recovery from the f lash in less than 1 jjsec was 
obtained. Two parameter data ( t i m e - o f - f l i g h t and gamma-ray energy) were 
taken, processed by an on- l ine computer, and stored on magnetic tape. 
The t i m e - o f - f l i g h t spectrum corresponding to the region of the gamma-ray 
spectrum at 478 keV is thus the desired r e s u l t . 

Af ter accounting f o r the energy dependence of the 1 0B capture 
cross s e c t i o n , 2 the detector e f f i c i e n c y , geometrical f a c t o r s , the 
absorption of 478 keV gamma-rays by various materials , and converting 

^Ne l l i s , Tucker, and Morgan, Phys. Rev. Cl, 847 ( I 9 7 O ) 
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t i m e - o f - f l i g h t into energy, the desired spectrum shown in Figure B- l is 
obtained. The many transmission dips observed are due to resonances in 
the lead blanket which surrounds the neutron generator target . These 
resonances serve as a convenient way to ca l ibrate the t i m e - o f - f l i g h t to 
energy conversion. 

2. Thin Film Measurements with Neutron Resonances (A. Stolovy and 
Â  I . Namenson) 

Many materials have slow neutron resonances with very high peak 
cross se c t i ons . This suggests that t i m e - o f - f l i g h t spectroscopy could 
be used as a non-destructive technique for detect ing the presence of 
small amounts of such materials . 

To tes t this idea, the transmission of timed slow neutrons has 
been observed through thin f i lms of gold deposited on a glass substrate 
of the fo l lowing thicknesses in angstrom uni ts : I63O, 104-0, 880 and 
570- I n add i t i on , data were taken with a " th i ck" (0.001 inch) gold f o i l . 
The detector was a s L i glass s c i n t i l l a t o r located 10 meters from the 
moderated pulsed neutron source at the l inac . The areas above the 
transmission dips f o r the d i f f e r e n t sample thickness es corresponding to 
the large resonance at 4.91 eV were measured. Unfortunately, a one-half 
inch thick lead beam f i l t e r was later found to contain about lf> s i l v e r 
by weight. The s i l v e r resonance at 5-19 eV overlaps with the gold 
resonance. I t was necessary to subtract the e f f e c t of the s i l v e r 
resonance from the data. After this is done, the areas above the trans-
mission dips were normalized to the t o ta l number of counts in each case, 
and plotted vs . thickness, as shown in Figure B-2. The straight l ine 
through the o r i g in is based s o l e l y upon the data f o r the 0.001 inch 
sample, corrected for sample thickness and Doppler broadening. The other 
points are seen to f i t this l ine very wel l . I t seems reasonable to say 
that this technique could be used to measure considerably thinner f i lms , 
perhaps down to 100 A. 
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OAK RIDGE NATIONAL LABORATORY 

A. NEUTRON DATA APPLICATIONS SUBCOMMITTEE 

A . l . Gamma-Ray Production Measurements 

1. 2 8 S i ( n , n ' y ) Photon Production Cross Sections f o r E = 
1.78 MeV, 5.0 < E < 9.5 MeV* (J. K. Dickens and ' — n — 
G. L. Morgan) 

The exc i ta t i on function f o r the production of the 1.78-MeV 
gamma ray due to neutron interact ions with 2 8 Si has been measured f o r 
inc ident neutron energies between 5 and 9.5 MeV with neutron energy 
reso lut ion -35 keV f o r ER = 5 MeV to ~80 keV f o r E = 9 . 5 MeV. These data 
are compared with previously reported values and w?th the current ENDF/B 
evaluat ion. 

To be published in Physical Review C. 

2. Gamma-Ray Production Due to Neutron Interact ions with Tin 
f o r Incident Neutron Energies Between 0.75 and 20 MeV: 
Tabulated D i f f e r e n t i a l Cross Sections* (J. K. Dickens, 
T. A. Love and G. L. Morgan) 

Numerical values of d i f f e r e n t i a l cross sect ions f o r gamma 
rays produced by neutron reactions with t in have been obtained f o r neutron 
energies between 0.75 and 20 MeV fo r 6 = 125 deg. The d2a/diodE values 
were obtained using a Nal spectrometer! These data cons is t of neutron and 
gamma-ray production group c r o s s - s e c t i o n values of d2a/dwdE f o r 0.7 _< 
E 10.5 MeV, with gamma-ray interva ls ranging from 20 keV f o r E < 1 MeV 
to 160 keV f o r E ~ 9 MeV. Neutron energy interva ls varied from 0.25 MeV 
f o r E = 0 . 7 5 to 2 MeV to 3 MeV f o r E = 14 to 20 MeV. n n 
* 
Abstract o f ORNL-TM-4406 

3. Gamma-Ray Production Due to Neutron Interact ions with Zinc 
f o r Incident Neutron Energies Between 0.85 and 20 MeV: 
Tabulated D i f f e r e n t i a l Cross Sections*?** (J. K. Dickens, 
T. A . Love and G. L. Morgan) 

Numerical values of d i f f e r e n t i a l cross sect ions f o r gamma 
rays produced by neutron react ions with zinc have been obtained f o r neutron 
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energies between 0.85 and 20 MeV f o r 6 = 125 deg. The dZa/dWdE values 
were obtained using a Nal. spectrometerY These data are presented as 
gamma-ray production greup arosa^afeGtion values ef d2cr/dwdE for 0,7 < 
Ey £ 1 0 , 5 M e V » with gamma-ray intervals ranging from 20 keV f o r Ey £ 1 MeV 
to 160 keV f o r E ~ 9 MeV. Neutron energy intervals varied from 0.15 MeV 
f o r E = 0.85 to 1 MeV to 3 MeV fo r E = 14 to 20 MeV. 

* 
Abstract of 0RNL-TM-4464. 

* 
Relevant to request No. 216. 

4 . Gamma-Ray Production Due to Neutron Interact ions with Fluorine 
and Lithium f o r Incident Neutron Energies Between 0.55 and 
20 MeV; Tabulated D i f f e r e n t i a l Cross Sections*?** (J. K. 
Dickens, T. A. Love and G. L. Morgan) 

Numerical values of d i f f e r e n t i a l cross sect ions f o r gamma rays 
produced by neutron react ions with l ithium f luor ide have been obtained f o r 
neutron energies between 0.55 and 20 MeV f o r 0 = 125 deg. The c ross - se c t i on 
values were obtained using a Nal photon spectrometer and the Oak Ridge Electron 
Linear Accelerator as the neutron source. The data f o r neutron interact ions 
with f luor ine are presented as gamma-ray production group c o r s s - s e c t i o n values 
of d2a/do3dE f o r 0.7 £ Ey £ 10.5 MeV, with gamma-ray intervals ranging from 
20 keV f o r E £ 1 MeV to 160 keV f o r E ~ 9 MeV; f o r these data neutron, 
energy internals varied from 0.25 MeV f o r 1.25 £ E £ 2 MeV to 3 MeV f o r 
14 £ En £ 20 MeV. The data for neutron interact ions with l ithium are pre -
sented as gamma-ray production c ross - se c t i on values of dCJ/doo f o r the 0 .478-
MeV gamma ray; f o r the data the neutron energy intervals varied between 10 
keV at threshold and 1 MeV f o r E > 14 MeV. n — 
_ 

Abstract of ORNL-TM-4538. 
** 

Relevant to request No. 11. 

5. famma-Ray Production Due to Neutron Interact ions with Magnesium 
f o r Incident Neutron Energies Between 0.8 and 20 MeV: Tabula-
ted D i f f e r e n t i a l Cross Sections* (J. K. Dickens, T. A. 
Love and G. L. Morgan) 

Numerical values of d i f f e r e n t i a l cross sect ions f o r gamma rays 
produced by neutron react ions with magnesium have been obtained f o r neutron 
energies between 0.76 and 20 MeV. The c ross - se c t i on values were obtained 
using a Nal spectrometer. These data cons is t of (a) the production of gamma 
rays by neutron react ions with values of d2a/du)dE f o r 8y = 125 and 90 deg 
and f o r 0.7 £ Ey £ 10.5 MeV, with gamma-ray interva ls ranging from 20 keV 
f o r Ey £ 1 MeV to 160 keV f o r E^s^ MeV and with neutron energy intervals 
varying from -0 .25 MeV fo r E = 0 . 7 6 to 1.5 MeV to 3 MeV fo r E = 14 t o 
20 MeV; and (b) values of da?dw fo r E = 1 . 3 7 MeV for 6V = 125ndeg and f o r 
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En between threshold and 6.0 MeV and f o r E = 1.81 MeV f o r 9 = 125 deg 
and f o r E between threshold and 3.2 MeV. ^ ^ n 
-

Abstract of ORNL-TM-4544. 

6. Gamma-Ray Production Due to Neutron Interact ions with Zinc. 
Tabulated D i f f e r e n t i a l Cross Sections f o r 31 Gamma Rays f o r 
Incident Neutron Energies Between 0.9 arid 6 MeV*>** (G. G. 
Slaughter and J. K. Dickens) 

Numerical values of d i f f e r e n t i a l cross sect ion f o r gamma rays 
produced by neutron interact ions with zinc have been measured f o r neutron 
energies between 0.9 and 6 MeV fo r a = 120 deg. The do/dto data were 
obtained using a 35 cm3 Ge(Li) de te c t o r . The data cons is t of cross sect ion 
values f o r 31 gamma rays having E between 300 and 2780 keV. Neutron energy 
interva ls varied between a minimuT?i of -50 keV at E ~ 900 keV and a maxi-
mum of ~1.5 MeV f o r E ~ 5.8 MeV. n 

n 

^Abstract o f ORNL-TM-4523 
r * 

Relevant to request No. 216. 

7. D i rec t - Interac t i on Interpretat ion f o r 1*0Ca(n,npY) 39K Reactions 
at E = 17 - 20 MeV* (J. K. Dickens) 

Gamma-ray production cross sect ions measured f o r the 
l t0Ca(n,np) 39K react ions are interpreted using a model based upon the 
2 - p a r t i c l e - 2 - h o l e conf igurat ion mixing in the ground-state wave function 
of I|0Ca and a d i r e c t knock-out react ion mechanism. 

Submitted to Physical Review C f o r pub l i ca t i on . 
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A. 2. Neutron Scattering 

1. 2 0 6 Pb, 2 0 7Pb and 2 0 8Pb Neutron E l a s t i c - and I n e l a s t i c -
Scattering Cross Sections from 5.50 to 8.50 MeV* 
(W. E. Kinney and F. G. Perey) 

Measured neutron 2 0 8Pb d i f f e r e n t i a l e l a s t i c s cat ter ing cross 
sect ions at 5 .50 , 7 .00, and 8.50 MeV are given and compared with previous 
r e s u l t s . Measured 2 0 6 Pb, 2 0 7 Pb, and 2 0 8Pb neutron i n e l a s t i c - s c a t t e r i n g 
cross sect ions are given at roughly 0.5 MeV intervals from 5.50 to 8.50 
MeV and a lso compared with previous r e s u l t s . ENDF/B I I I Mat 1136 e l a s t i c 
angular d i s t r i b u t i o n s , angle integrated e las t i c -and i n e l a s t i c - s c a t t e r i n g 
cross s e c t i o n s , and nuclear temperatures are in generally good agreement 
with experiment over this energy range. 

^Abstract o f ORNL-4909. 

A.3. Neutron Total Cross Sections 

1. The Total Neutron Cross Sections of the Isotopes of Zr 
(W. M. Good, J. A. Harvey and N. W. H i l l ) 

Measurements have been completed on the t o ta l cross sec t ions 
of the i sotopes of Zr. The resul ts f o r Zr, obtained f o r a meta l l i c sam-
p l e , were presented e a r l i e r . Fig . 4 i s a representation of the resul ts 
f o r 9 2 » 9 1 N 9 6 Zr in which the e a r l i e r resu l ts f o r 9 0 Zr are given f o r com-
parison. The measurements were performed using both the Li glass and 
the NE-110 p l a s t i c detectors , at 80 meters, but only the resul ts with the 
6Li glass detec tor are shown here. The 9 6 Zr was only 58-42 percent enr i ch -
ed; Table I below summarizes the i s o t o p i c computation of the 9 2 > 9 S 9 6 Z r 
targets . 

Table I 
Composition 

Target 90 91 92 94 96 

92 1.65 0.98 96.68 0.70 <0.10 
94 1.95 0.576 0.878 96.35 0.258 
96 22.70 4.33 6.42 8.20 58.42 
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2. The Neutron Total Cross Section of 2h3Am*>** (0 . D. Simpson,+ 
F. B. Simpson,t J. A. Harvey, G. G. Slaughter, R. W. Benjamin,ft 
and C. E. A h l f e l d t t ) 

Neutron transmission measurements have been made on two h igh -
purity samples of 243Am, having inverse thicknesses of 1288.2 and 279.3 b / a , 
r e s p e c t i v e l y . Data were c o l l e c t e d from 0.5-1000 eV using the Oak Ridge 
Electron Linear Acce l e ra tor . High reso lut ion data were taken using 10-nsec 
and 30-nsec bursts of 140-MeV e l e c t r o n s , 10-nsec channel widths, and a f l i g h t 
path of 18.576 meters. An average value of F of 39 + 1 MeV was determined 
from shape analysis of 24 resonances below 18^eV. Single l e v e l Breit-Wigner 
resonance parameters were obtained from area analysis up to 250 eV. The 
average l e v e l spacing between resonances was found to be 0.68 + 0 . 0 6 eV. 
An s-wave neutron strength funct ion of (0.96 + 0 .10) x 10""^ was determined 
from the resonance parameters. The resonance-absorption in tegra l f o r neu-
trons with energies above 0.625 eV was determined to be 1810 + 70 b from 
the resonance. 

* 

Submitted to Nucl. S c i . Eng. 
Relevant to request No. 548. 

^Present address: Aerojet Nuclear Company, Idaho F a l l s , ID. •f 
Present address: Savannah River Laboratory, E. I . du Pont de Nemours & 
Co. , Aiken, SC. 

3. Neutron Total Cross Section of 21t8Cm* (R. W. Benjamiiyf 
C. E.. A h l f e l d . t J. A. Harvey and N. W. H i l l ) 

The neutron t o t a l cross sec t i on f o r 2lt8Cm has been measured 
from 0.5 to 3000 eV using the Oak Ridge LINAC, ORELA, as a pulsed neutron 
source . The small diameter (1.6 to 4 .0 mm) c y l i n d r i c a l samples contained 
up to 13 mg of 97% 248Cm and 3% 21t6Cm i n the. oxide form.: Samples were 
cooled with l i q u i d nitrogen to reduce Doppler broadening. The th ickest 
sample had an inverse - th ickness f o r curium isotopes of 625 barns/atom which 
made poss ib l e the i d e n t i f i c a t i o n of f o r ty -seven resonances a t t r ibutab le to 
2It8Cm and f i v e resonances a t t r ibutab le to 246Cm. The c r o s s - s e c t i o n data 
have been analyzed to obtain s i n g l e - l e v e l , Breit-Wigner resonance parameters 
f o r a l l observed resonances. An average l e v e l spacing 4 0 + 5 eV and an 
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average s-wave neutron strength function of ( 1 . 2 + 0 . 2 ) x 10"^ were determined 
f o r 2l>ecm. The resonance contr ibutions to the thermal capture cross sect ions 
and the resonance integra ls determined from the resonance parameters are: 
2 l f 8Cm - a 2 0 0 0 = 2.51 + 0.26 b, I = 259 + 12 b; 2 l t 6Cm - a * 0 0 0 = 1.2 + 0.4 b, 
I = 101n¥ 11 b . These values compare wel l with the resuS^s of integral 
measurements. 

Submitted to Nucl. Sc i . Eng. 
Relevant to request No. 568. 
Present address: Savannah River Laboratory, E. I . du Pont de Nemours and 
Co. , Aiken, SC. 

4. Neutron Total Cross Section of 6 Li from 100 eV to 1 MeV 
(J. A. Harvey and N. W. H i l l ) 

Transmission measurements were made upon two samples of 
6 Li (98.75%) with inverse thicknesses of 11.84 and 2.585 barns/atom. 
Data were obtained with a Li glass s c i n t i l l a t o r and an NE-110 proton 
r e c o i l detector 78.203 meters from the neutron target at ORELA. The 
neutron energy reso lut ion AE/E was M).l% or 0.2 keV at 247 keV. Since 
no f i n e structure was observed, the data with the thin sample using the 
NE-110 detector shown in Figure 5 have been averaged to give ^2-keV 
reso lu t i on . The s t a t i s t i c a l accuracy on these averaged points i s M).05 
barns. The backgrounds (room and 2.23-MeV gamma rays from neutron 
capture in the water of the moderator) were < 1% in this energy region. 
Other systematic errors ar is ing from uncertaint ies in the neutron monitor 
are estimated to produce << 0 .1 barn uncertainty. The observed peak 
cross sec t ion i s 11.0 ± 0 .1 barns in good agreement with values reported 
in references 1 and 2. The data obtained with the thin sample and the 
6Li glass detector are in exce l lent agreement (within 0 .1 barns and 
0.5 keV) with the data shown in Figure 5 . The energy sca le i s accurate 
to ^ 0.1%. The resonance energy obtained by the method of diameters i s 
246 ± 1 keV, in good agreement with the time of f l i g h t measurements of 
Utt ley 1 (247 keV). Energy values from Van de Graaff measurements on this 
nucl ide are ^5 keV too high. In the energy region from 300 to 10000 eV 
the data from the thin sample are in exce l lent agreement (within ^0.05 
barns or ^1%) with the formula proposed by Uttley 1 namely a^ = 0.70 + 
149.5/v^~. 

1 
C. A. Utt ley , M. G. Sowerby, B. H. Patr ick , and E. R. Rae, Proceedings 
of Conference on Neutron Standards and Flux Normalization, AEC Symposium 
Series 23, (1971), p. 80. 

2 J . W. Meadows and J. F. Whalen, Nucl. Sc i . Eng. 48, 221 (1972). 
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A.4. Neutron Capture 

1. Comments on the Doorway State in 2 Q 6pb* (B. J. Al len,+ 
R. L. Macklin, C. Y. Fu and R. R. Winters++) 

The neutron capture cross sect ion of 2 0 6Pb(n,Y) has been 
measured with high reso lut ion at the Oak Ridge Electron Linear Acce lerator . 
The capture resul ts show that the reported s , / 2 doorway in 2 0 6Pb i s not 
observed in the photon channel. 

* 
Phys. Rev. C, 7, No. 6 (1973) p. 2598. 

^Present address: Australian Atomic Energy Commission, Lucas Heights, 
Austra l ia . 

•+ Present address: Denison University , Granvi l le , Ohio. 

2. Neutron Capture Gamma-Ray Yields in Iron* (J. E. White 
and C. Y. Fu) 

Gamma-ray y ie lds as a function of neutron energy from thermal 
to 1 MeV f o r i ron have been generated with a combined experimental and 
theore t i ca l approach. The theore t i ca l part i s to a large extent s t a t i s t i -
c a l ; however, parameters are introduced to compensate f o r the n o n s t a t i s t i c a l 
behavior . Experimental information used to evaluate these parameters are 
the branching ra t i os among d i s c re te l eve l s and the gamma-ray primary t rans i -
t ions from thermal and avai lable resonance capture. A discussion of the 
impl icat ions of addit ional resonance capture y i e ld data, which was made 
avai lable a f t e r the completion of the ca l cu la t i on , i s included. The results 
have been compared with integral experiments, and the agreement i s favor -
ab le . Considerable var iat ions in the capture gamma-ray y i e l d s as a function 
of inc ident neutron energy are not i ced . 

*Nucl. Sc i . Eng. 51, 496-508 (1973). 

3. Gold Neutron Capture Cross Section from 3 to 550 keV* 
(R. L. Macklin, J. Halperin and R. R. Winterst) 

A care fu l remeasurement of this standard cross sect ion at 
ORELA using the pulse height weighting technique in small s c i n t i l l a t o r s 
has been completed. The 4.9 eV resonance was used f o r ca l i b ra t i on and 
the 6 L i ( n , a ) cross sec t i on f o r f lux shape. Estimated errors range from 
1.4% near 30 keV to 3.3% at 550 keV. Individual resonance parameters 
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were deduced in the 2 .6 -4 .9 keV range and the f luc tuat ions over tens of 
resonances were analyzed below 90 keV. The f luc tuat ions are larger than 
expected, l imi t ing the prec i s i on attainable with monoenergetic sources 
using this standard. The f luc tuat ion intens i ty appears to ind icate i n t e r -
mediate resonance structure in the compound nucleus with 10 keV width and 
50 keV spacing. 
* ~ ~ ~ ~ 

Submitted to Physical Review C. 
f Present address: Denison University , Granvi l le , Ohio. 

4. A Study of 2 0 5 T £ ( n , y ) 2 0 6 T £ Resonance Parameters* 
(E. D. Ear le . f R. R. Winters ,"H"and R. L~[ Macklin) 

We have repeated with improved reso lut ion and s t a t i s t i c s a 
2 0 5 T£(n ,Y ) 2 0 6 T£ c r o s s - s e c t i o n measurement1 f o r E < 400 keV using the t o t a l 
energy gamma-ray detector at the ORELA 40 m s t a t ? o n . 2 The energy r e s o l u -
t ion was 0.2% and, since the l e v e l spacing i s about 1 keV, most resonances 
below 250 keV were reso lved. The r e l a t i v e magnitude of the 5.5 MeV gamma-
ray anomaly1 f o r each resonance i s determined and where poss ib l e values of 
the resonance parameters T and gr are deduced from the measured widths 
and capture areas. n ^ 

i : 
Presented at the APS Meeting, Washington, D. C. , Apri l 23-26, 1974; 
published in the Bul let in of American Physical Society 19, 574 (Apri l 1974). 
Present address: Chalk River Nuclear Laborator ies , AECL, Chalk River, Ont. , 
Canada. 

•+ Present address: Denison University , Granvi l le , Ohio. 
1E. D. Earle, M. A. Lone, G. A. Bartholomew, B. J. Al len , G. 
and J . A. Harvey, " S t a t i s t i c a l Properties of Nuclei" (J. B. 
Plenum Press, New York (1972) p. 263. 

*R. L. Macklin and B. J. Al len , Nucl. Ins t r . Meth. 91 (1971) 

G. Slaughter 
Garg, Ed.) 

565. 

5. The 5 7 Fe(n ,y ) 5 8 Fe Reaction and Shell Model Calculations 
of 5gFe Levels* (G. G. Slaughter, S. Raman, W. M. 
Good, J. A. Harvey, J. B. McGrory and D. Larson) 

We have studied 14 neutron resonances below 30 keV in the 
5 7Fe+n system v ia both transmission and capture gamma-ray s tud ies . A 
l eve l scheme f o r 58Fe was constructed with 23 exc i ted states below 5.3 
MeV. We have c o l l e c t e d together a l l avai lable information on Fe l e v e l s 
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in order to make a rigorous comparison with the results of a she l l model 
ca l cu la t i on . The calculated energy l eve l s corre late very well with observed 
ones. The agreement i s less sa t i s fac tory in the case of gamma-ray branch-
ings, part ly due to the uncertainty concerning the e f f e c t i v e Ml operator. 
_ _ 

Presented at the APS Meeting, Washington, D. C. , April 22-25, 1974; 
published in the Bullet in of American Physical Society 19, 430 (April 1974). 

6 . The 1 ** 3Nd (n,y) Reaction**** (D. A. McClure,+ S. Raman, 
G. G. Slaughter, J. A. Harvey, J. C. Wells, J r . , f t Jung 
Lin,++and E. T. Jurney.t t t ) 

Continuing our invest igat ions of l eve l s in 11+ltNd (Ref. 1 ) , 
we have carried out Ge(Li)-Ge(Li) coincidence measurements with a natural 
Nd target bombarded with thermal neutrons. The two-parameter (4096 x 4096 
channel) measurements involved ~ 16 x 10^ coincidence events co l l e c ted in 
120 h. The l eve l scheme now contains ~ 60 l eve l s (a third of these con-
firmed by coincidence measurements) below 3.5 MeV and incorporates ~ 225 
gamma rays (half of the t o ta l observed). The coincidence measurements were 
invaluable in avoiding (and in some cases confirming) multiple placements 
of gamma rays. 

Presented at the APS Meeting, Washington, D. C . , April 22-25, 1974; 
published in the Bul let in of American Physical Society 19, 500 (April 1974). 
Relevant to request No. 318. 

t Present address: Georgia Inst i tute of Technology, Atlanta, GA. 
^Present address: Tennessee Technological University, Cookevi l le , TN. 
' ft Present address: Los Alamos S c i e n t i f i c Laboratory, Los Alamos, NM. 

A.5. Charged Part i c l e Induced Reactions 

1. D i f f e r e n t i a l Cross Sections f o r the Production of Neutrons 
from the Bombardment of LZC, 2 / A l , bl*Fe, and 20BPb by 40-MeV 
Protons*,** (J. W. Wachter, R. T. Santoro, T. A. Love and 
W. Zobelt) 

D i f f e r e n t i a l cross sect ions in energy and angle have been 
obtained using t i m e - o f - f l i g h t spectroscopy f o r secondary neutrons produced 
in the reactions of 39 .3 - and 40.8-MeV protons with 12C, 2 7A1, ^Fe^ andQ 
2 0 8 Pb. Neutron energy spectra are given f o r laboratory angles of 0 , 20 , 
45°, 60°, 90°, and 135° f o r energies •> 6 MeV. The NE-213 e f f i c i e n c y was 
calculated using the 05S Monte Carlo code. Comparisons with the pred i c -
t ions of the intranuclear-cascade model of Bertini show good agreement at 
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medium angles . As with the e a r l i e r 63-MeV measurements, the data do not 
show the pred ic ted quas i f r ee s c a t t e r i n g peak at small angles . The c a l c u l a -
ted c r o s s s e c t i ons at 135 are low by f a c t o r s o f 3 to 6. 
_ 

Presented at the 1973 Winter APS Meeting, Berkeley, CA, December 27-29, 
1973. 

k* 
Relevant to request No. 630. 

f 
Present address: Tennessee Val ley Author i ty , Knoxv i l l e , TN. 

2. Coulomb Exc i ta t i on of V ibrat i ona l -L ike States in the 
Even-A Act in ide Nuclei* (F. K. McGowan, C. E. Bemis, J r . , 
W. T. Milner , J . L. C. Ford, J r . , R. L. Robinson and 
P. H. Ste lson) 

Coulomb e x c i t a t i o n of v i b r a t i o n a l - l i k e s t a t e s in the even-A 
a c t i n i d e n u c l e i (230 ^ A ^ 248) was measured using ^He ions in order to 
t e s t nuclear models descr ib ing these s t a t e s . In p a r t i c u l a r , the one-phonon 
oc tupo le v i b r a t i o n a l i n t e r p r e t a t i o n of the l ow- ly ing negat ive par i ty s ta tes 
provides an i n t e r e s t i n g t h e o r e t i c a l framework with which to compare the 
experimental information. The e x c i t a t i o n p r o b a b i l i t i e s were determined 
r e l a t i v e to the e l a s t i c s c a t t e r i n g by the observat ion of e l a s t i c a l l y and 
i n e l a s t i c a l l y scat tered ^He ions using a s p l i t - p o l e magnetic spectrometer 
equipped with a p o s i t i o n - s e n s i t i v e propor t i ona l d e t e c t o r . The values of 
B(EX, 0 -* J = X) range from 0 .5 to 4 s i n g l e - p a r t i c l e uni ts f o r X = 2 and 
from 10 to 30 s i n g l e - p a r t i c l e uni ts f o r X = 3. For those cases , where the 
K, JTT assignments are known, the agreement between the experimental r e s u l t s 
and the microscop ic c a l c u l a t i o n s by Neegard and Vogel of the B(E3,0 •*• 3) 
f o r the 3~ members of the one-phonon oc tupo le quadruplet i s good when the 
C o r i o l i s coupl ing between the s ta tes with K and K ± 1 i s taken into account . 
The magnitudes of the reduced E0 nuclear matrix element, p(E0, 2 ' 2 ) , 
extracted from the EO t r a n s i t i o n p r o b a b i l i t i e s T(E0,2 ' 2) f o r decay of 
the B - v i b r a t i o n a l - l i k e 2 , + s ta te are 0.37 ± 0.06 and 0.43 ± 0.06 f o r 2 3 2 Th 
and 2 3 8 U , r e s p e c t i v e l y . Several 2+ s ta tes observed in t h i s Coulomb 
e x c i t a t i o n reac t i on survey are presumed to be 2 + members of r o t a t i o n a l 
bands based on 0+ exc i t ed s ta tes which are s t rong ly populated in the 
( p , t ) r e a c t i o n . 

To be published in Phys ica l Review C. 
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A.6. Benchmark Measurements 

1. Final Report on a Benchmark Experiment f o r Neutron Transport 
in Thick Sodium* (R. E. Maerker, F. J. Muckenthaler, 
R. L. Childs and M. L. Gritzner^) 

An experiment concerning deep neutron penetration in sodium 
i s descr ibed , and experimental resul ts are presented which provide a basis 
f o r v e r i f i c a t i o n of the accuracy of sodium cross sect ions to be used in 
transport c a l c u l a t i o n s . The experiment was performed at the Tower Shielding 
F a c i l i t y of ORNL and included measurements of both the neutron f luence and 
neutron spectra through a large diameter sample of sodium up to 15 f t thick . 
Calculated resul ts f o r the experiment are presented f o r comparison with the 
experimental measurements. These resul ts were obtained using the multigroup 
Monte Carlo code, MORSE, and a two-dimensional d i s c re te ordinates code, DOT 
I I I . One-hundred group data sets were developed from both a preliminary 
and the f i n a l vers ion of the ENDF/III set (MAT=1156) f o r sodium for use in 
the c a l c u l a t i o n s . Comparisons of the ca lcu lat ions with experiment indicate 
that the preliminary version i s s l i g h t l y superior to the f i n a l version and 
that using the preliminary set the t o t a l neutron leakage above thermal 
energies penetrating up through 15 f t of sodium can be calculated to within 
~15% and the absolute spectra penetrating up through 12.5 f t of sodium can 
be calculated to within 20%. Using the f i n a l s e t , the corresponding com-
parisons are 30% and 60%. 

Abstract of ORNL-4880. 
t Present address: Science Appl icat ions , I n c . , Huntsvi l le , AL. 

2. Final Report on a Benchmark Experiment f o r Neutron Transport 
Through Iron and Stainless Steel* (R. E. Maerker and 
F. J. Muckenthaler) 

An experiment concerning neutron penetration in iron and stain-
l ess s t e e l i s descr ibed, and experimental resul ts are presented which pro -
vide a bas is f o r v e r i f i c a t i o n of the accuracy of iron cross sect ions to be 
used in transport ca l cu la t i ons . - lie experiment was performed at the Tower 
Shielding F a c i l i t y of ORNL and included measurements of both the neutron 
f luence and neutron spectra through samples of iron up to 3 f t thick and 
of s ta in less s t e e l up to 18 in . th ick . Calculations of the experiment were 
performed with a spec ia l version of the MORSE multigroup Monte Carlo code 
which uses point t o t a l cross s e c t i o n s . Comparison of the ca lcu lat ions with 
experiment indicates that the recently evaluated MAT 4180-Mod. 1 iron c r o s s -
sec t ion set i s superior to the older MAT 1101 and MAT 1124 s e t s . Calcula-
t ions using th is newest set resul t in t o ta l neutron leakages above thermal 
energies penetrating up to 3 f t of iron or 18 i n . of s ta in less s t ee l that 
agree with experiment to within about 20%. The calculated leakage spectra 
above 90 keV aris ing from scatter ing through up to 1 f t of iron or 18 in . 
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of s ta in less s t e e l also agree with experiment to within about 20%. Using 
any of the three s e t s , the calculated unscattered component through 1 f t 
of iron or s ta in less s t ee l above 1 MeV i s only accurate to within about 40%. 
- - — 

Abstract o f ORNL-4892. 

A.7 . Cross-Section Sens i t iv i ty Work 

1. Estimated Uncertainties in Evaluated Data* (F. G. Perey) 

During the l a s t decade large e f f o r t s have gone into preparing 
microscopic neutron cross sec t ion data f i l e s , ca l l ed evaluated data f i l e s , 
to serve as bas ic input data f o r various neutron transport app l i cat ions . 
A prime example of such evaluated microscopic cross sec t ions i s the ENDF/B 
s e t , a cooperative e f f o r t of the Cross Section Evaluation Working Group 
(CSEWG). The ENDF/B c r o s s - s e c t i o n reference set i s updated p e r i o d i c a l l y 
to provide increased coverage of nuc l ides , energy range, react ion types, 
. . . e t c . , and generally to upgrade the data f i l e s . t o r e f l e c t our improved 
knowledge of the cross sect ions due to new measurements or theore t i ca l 
ca l cu lat ions and also to remove d e f i c i e n c i e s discovered in the analysis 
of integral experiments (Phase I I data t e s t i n g ) . The data f i l e s are 
intended to represent as accurately as poss ib le our knowledge of the micro-
scop ic cross sect ions and, there fore , should be appl i cat ion independent. 
However, because this evaluation work has been funded almost exc lus ive ly 
out of various applied programs, invariably the content of the ENDF/B set 
has been inf luenced by the appl icat ions f o r which the d i f f e r e n t evaluations 
were needed. The most e f f i c i e n t use of l imited f inanc ia l resources devoted 
to this aspect of nuclear technologies , the d i f f e r e n t stages of development 
of these technologies with respect to nuclear data needs, and the varying 
importance of the nucle i of the set in d i f f e r e n t appl icat ions have caused 
the ' i n t r i n s i c qua l i ty ' of the data in the f i l e s to vary widely as a function 
of n u c l e i , react ion types and energy ranges. The fa c t that an evaluated 
f i l e ex i s t s f o r a nuclei in the o f f i c i a l CSEWG reference set at a given 
time i s not a proof of i t s adequacy f o r any s p e c i f i c app l i ca t i on , but only 
represents the c o l l e c t i v e judgement of the CSEWG members that i t was the 
best overa l l evaluation avai lable in this format at that time and i t meets 
a minimum of procedural requirements (Phase I review) . 

At the moment poss ib ly only one evaluation, the one f o r hydro-
gen, i s generally thought to exceed the accuracy requirements in the micro-
scopic data f o r most present , or contemplated, applied uses. For most 
important neutron transport app l i ca t i ons , i t i s generally conceded that many 
of the neutron cross sect ions w i l l not be known, f o r a long time, to such 
a high degree of accuracy that uncertaint ies in the bas i c microscopic data 
can be ignored. Several studies have been made, f o r a few app l i ca t i ons , o f 
the cost and design penalt ies associated with nuclear data uncertaint ies 
and yie lded what we could c a l l ' t a rge t accurac ies ' in the various micro-
scopic data as acceptable f o r these app l i ca t i ons . These studies have had to 
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assume what were acceptable design parameter uncertaint ies and on the basis 
of the then known cross sect ions make assumptions on what would be the 
' c o r r e l a t i o n s on the uncer ta int ies ' in the f i n a l acceptable data s e t . At 
present i t i s thought that f o r some appl icat ions a few of the very impor-
tant p a r t i a l cross sect ions may be known to within a fac tor of two of the 
' t a rge t accurac ies ' of these s tudies . There i s , however, no consensus on 
the question of whether the present estimated uncertaint ies are s u f f i c i e n t l y 
uncorrelated or not . 

In order to answer in a c red ib le manner most of the questions 
regarding the adequacy of nuclear data f o r d i f f e r e n t app l i ca t ions , we r e -
quire a knowledge of the estimated uncer ta int ies , and their c o r r e l a t i o n s , 
in the evaluated data. This information at the present time i s sometimes 
to be found in the documentation of the evaluations, i s very incomplete, 
d i f f i c u l t to extract and s u f f i c i e n t l y i l l - d e f i n e d as to the nature of the 
corre la t i ons in the data so as to prevent very c red ib le quantitative s t a t e -
ments to be made regarding the adequacy of the data. With ENDF/B-IV a s tart 
has been made toward the implementation of the complete descr ipt ion of the 
estimated covariances of the microscopic data on the tape. We w i l l present 
the concepts and major features of the ENDF/B-IV format f o r representing 
the covariance matrices of the pointwise microscopic cross sect ions as a 
function of energies , of d i f f e r e n t par t ia l cross sect ions f o r a given nuclei 
and of cross sect ions f o r d i f f e r e n t nuc l e i . We w i l l show how the method of 
representation chosen allows the computation of covariance matrices of group 
cross sect ions as a straightforward addit ional step to most present group 
c r o s s - s e c t i o n processing codes. The problems of representing these covariances 
and the ir handling by processing codes f o r the resolved and unresolved r e s -
onance regions are under act ive invest igat ion and w i l l be alluded t o . 

•k 
To be presented at the June ANS Meeting, Phi ladelphia, PA. 

2. The Formalism fo r Data Covariance Representation in ENDF/B 
(F. G. Perey) 

In many transport ca lculat ions a s i g n i f i c a n t f rac t i on of the 
uncertaint ies in the calculated resu l ts comes from the uncertaint ies in the 
bas i c c r o s s - s e c t i o n data used as input. The implications of such uncertain-
t i e s f o r the design of reactors and their s i g n i f i c a n t economic impacts have 
been discussed by Greebler, Bane, Usachev, and others . Evaluated micro-
scopic neutron c ross - se c t i on f i l e s used to generate the input data f o r such 
ca l cu lat ions have not in the past attempted to represent in the f i l e s the 
estimated covariances of the microscopic cross sect ions f o r the purpose of 
propagating these estimated uncertaint ies to the f i n a l resul ts of transport 
c a l c u l a t i o n s . CSEWG decided f o r ENDF/B-IV to adopt formats to allow a 
prec i se representation of estimated covariances in some of the microscopic 
data. 

I t i s the purpose of this paper to present in some deta i l how 
estimated uncertaint ies and corre la t ions in the evaluated data, the covariances 
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of the cross s e c t i o n s , can be represented in the ENDF/B f i l e s . The b a s i c 
concept used in the formalism i s the expansion of the covariances o f the 
energy dependent cross sec t i ons into elements which are f u l l y corre lated 
over a stated energy range. 

To be presented at the ANS Topical Meeting on "Advanced Reactors ; Physics , 
Design and Economics," Atlanta, GA, Sept. 8 -11 , 1974. 

3, Radiation Transport Cross-Sect ion S e n s i t i v i t y Analysis - A 
General Approach I l l u s t r a t e d f o r a Thermonuclear Source in 
Air* (D. E. Bartine, E. M. Oblow and F. R. Mynatt) 

A general approach to radiat ion transport c r o s s - s e c t i o n s e n s i -
t i v i t y analysis i s introduced and i t s a p p l i c a b i l i t y demonstrated f o r a 
problem involv ing neutron and gamma-ray transport in a i r . The bas is f o r 
the method i s generalized perturbation theory using f l u x so lut ions to the 
transport equation and i t s a d j o i n t . Both an ana ly t i ca l aspect of the t e chn i -
que, designed f o r surveying the s e n s i t i v i t y of a resu l t to the ent i re c r o s s -
sec t i on data f i e l d , and a p red i c t i ve aspect , designed f o r pred i c t ing the 
e f f e c t of changes in the data f i e l d , are presented. The analyt i c procedure 
i s demonstrated by resu l ts that include a determination of important energy 
regions in the t o t a l , p a r t i a l , and gamma-ray-production cross sec t ions o f 
nitrogen and oxygen f o r deep-penetration ca l cu la t i ons of t i ssue dose in a i r . 
The p r e d i c t i v e c a p a b i l i t y i s i l l u s t r a t e d f o r s p e c i f i c c r o s s - s e c t i o n per tur -
bations in the system and the e f f e c t s of truncating the Legendre expansion 
of the s cat ter ing kernel . In add i t i on , the a p p l i c a b i l i t y of the method f o r 
pred i c t ing variances in a ca lculated resu l t ar i s ing from c r o s s - s e c t i o n data 
uncerta int ies i s demonstrated. In the sample case , the variance in the 
t o t a l neutron-gamma t issue dose i s estimated from preliminary c r o s s - s e c t i o n 
error f i l e s given in the evaluations of the nitrogen and oxygen cross 
s e c t i o n s . 

* 
Abstract of ORNL-TM-4335. 

4. E f f e c t s of Highly Anisotropic Scattering on Monoenergetic 
Neutron Transport at Deep Penetrations* (E. Oblow, K. Kin,+ 
H. Go lds te in ,T and J. J. Wagshalft ) 

The s e n s i t i v i t y of the f l u x in deep-penetration problems to 
an iso trop i c s ca t ter ing was studied within the framework o f monoenergetic 
transport theory. Several parameterized, an i so t rop i c s cat ter ing kernels 
were used to represent a general c lass of a n i s o t r o p i c s . The representa-
t ion of these kernels in Legendre polynomial s e r i e s of various orders was 
explored to determine the i r e f f e c t on ca lculated d i s c r e t e eigenspectra and 
i n f i n i t e medium f l u x e s . Eigenspectra f o r several kernels are presented 
as a funct ion of the kernel parameter. Conclusions were drawn about the 
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order of the Legendre expansion of the kernels required for accurate deep-
penetration calculations, and the possible existence of multiple diffusion 
decay modes in realistic problems. In general, rather low order Legendre 
expansion was found to be adequate for problems in which the scalar flux 
was the primary quantity of interest. 

* 
Abstract of ORNL-TM-4408. 

f 
Present address: Columbia University, New York, NY. 

Present address: Columbia University, New York, NY. 

Present address: Hebrew University of Israel, Jerusalem, Israel. 

5. Effects of Air-Density Perturbations on the Transport of 
Gamma Rays Produced by Point Gamma-Ray Sources* 
(B. J. McGregor? and F. R. Mynatt) 

A series of MORSE Monte Carlo calculations have been performed 
to determine the effect that changes in the air density produced by one wea-
pon detonation would have on the transport of gamma-ray radiation produced 
by a second weapon detonated about one second later. The response of 
interest was the ionization that would be induced in silicon by gamma rays 
in the vicinity of and beyond the first burst. A gamma-ray emission spec-
trum was used for the second weapon and four burst separation distances 
were considered. The medium was assumed to be infinite air, and spherical 
geometry was employed with the origin at the center of the second detonation. 
The changes in density about the first detonation were handled with a pseudo-
collision technique. Boundary-crossing estimators were used at two radii 
from the second detonation and within nine solid angles measured from an 
axis passing through both detonations. Total, uncollided, and time-dependent 
gamma-ray ionization responses were calculated at each detector position. 
Total responses calculated for a position in the perturbed air immediately 
beyond the first burst were about 50% higher than those obtained in air; 
an even greater increase was calculated for the uncollided response, which 
is a significant portion of the total response at detector positions between 
1000 and 1500 m from the source. 

The changes in the total ionization due to the perturbations were very 
similar to the changes in the neutron displacement calculated for a 14-MeV 
neutron source in a previous study. Changes in the peak ionization rate 
followed changes in the total ionization for large separation distances 
but were less for small separations. 
£ 

Abstract of 0RNL-TM-4266 . 
4-
Present address: Australian Atomic Energy Commission, Lucas Heights, 
Australia. 
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6. Cross-Section Sens i t iv i ty of Breeding Ratio in a Fusion-
Reactor Blanket* (D. E. Bartine, R. G. A l smi l l e r , J r . , 
E. M. Oblow, and F. R. Mynatt) 

For a par t i cu lar fus ion-reactor -b lanket con f igurat ion , the 
changes in the tr it ium breeding r a t i o , i . e . , in the number of tr i t ium 
nuc le i produced in the blanket per inc ident neutron, due to changes in 
nuclear c r o s s - s e c t i o n data are calculated on the basis of l inear perturba-
t ion theory. Results are presented f o r the changes in the breeding r a t i o 
due to changes in s p e c i f i c energy ranges of various p a r t i a l cross sec t ions 
of 6 L i , 7 L i , Nb, and C. The breeding r a t i o i s found to be most sens i t i ve 
to changes in the 7 L i ( n , n ' ) a , t cross s e c t i o n , but the s e n s i t i v i t y to changes 
in this cross sect ion i s not l a rge . 

*Nucl. Sc i . Eng. 53, 304-318 (1974). 

7. Reactor Cross-Section Sens i t iv i ty Studies Using Transport 
Theory* (E. M. Oblow) 

An approach to making reactor s e n s i t i v i t y studies and reactor 
parameter uncertainty analysis using transport theory i s developed. Sensi -
t i v i t y functions based on var ia t iona l p r inc ip l es are reviewed and compared 
with an alternate approach using generalized perturbation theory. The 
computational implementation of the method using transport codes i s a lso 
d iscussed. F i n a l l y , the use of c r o s s - s e c t i o n error f i l e s in conjunction 
with s e n s i t i v i t y c o e f f i c i e n t s in estimating uncertaint ies in reactor parame-
ters i s descr ibed . 

* 
Abstract of ORNL-TM-4437. 

8. Generalized Reactor Sens i t iv i ty Analysis Program at ORNL* 
(E. G. S i l v e r , E. M. Oblow, J. M. K a l l f e l z . t C. R. Weisbin, 
D. E. Bartine, G. F. Flanagan and F. R. Mynatt) 

The shie lding s e n s i t i v i t y analysis program at ORNL based on 
one-dimensional transport ca l cu lat ions i s currently being expanded to i n -
clude core physics s e n s i t i v i t y analysis c a p a b i l i t y . Major development 
items associated with this task l i e in the areas of applying generalized 
perturbation theory to transport ca l cu lat ions of reactor core problems and 
generating and u t i l i z i n g corre lated c r o s s - s e c t i o n uncertainty data in e s t i -
mating uncertaint ies in reactor design parameters. The problems associated 
with applying generalized perturbations theory are numerical in nature and 
par t i cu lar to the use of f i n i t e - d i f f e r e n c e methods in so lv ing the transport 
equation; they do not occur in using the d i f f u s i o n approximation. As a 
r e s u l t , r e s t r i c t i o n s are placed on the type of reactor models which can 
be analyzed with transport methods. Estimation of uncertaint ies in reactor 
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paremeters presents major problems in the areas of evaluating the uncer-
ta in t i e s in the c r o s s - s e c t i o n data used in a reactor ca l cu lat ion with 
par t i cu lar attent ion to corre la t ions between the data. Computer formats 
su i tab le f o r s tor ing the correlated uncertainty data and codes f o r processing 
such data into multigroup data f i l e s must be developed. The e f f o r t at ORNL 
i s d irected towards automating in a s ingle computer code system the procedure 
f o r so lv ing generaled perturbation theory equations to generate s e n s i t i v i t y 
c o e f f i c i e n t s and l inking this data with processed c ross - se c t i on uncertainty 
f i l e s to generate and analyze reactor design parameter uncer ta int ies . 
* — — -

To be presented at the ANS Summer Meeting, Phi ladelphia, PA, June 23-26, 
1974. 

^Present address: Georgia Inst i tute of Technology, Atlanta, GA. 

A.8. Theoret ical Analysis 

1. Compilation of Phenomenological Optical-Model Parameters 
1969-1972* (C. M. Perey and P. G. Perey) 

A l i t t l e over a year ago, we published a p i l o t compilation 
of phenomenological optical -model parameters obtained by f i t t i n g e l a s t i c -
scat ter ing data. This compilation covered only two years of publ icat ion 
1969 and 1970, but we have been led to be l i eve that i t i s more widely 
used than we had ant ic ipated . Encouraged by this r e s u l t , we continued 
c o l l e c t i n g optical -model parameters and have now added the years 1971 and 
1972 to our compilat ion. 

* 
To be published in Nuclear Data Tables. 

2. Calculated Secondary-Particle Spectra from Alpha-Partic le 
and Carbon-Induced Nuclear Reactions (T. A. Gabriel , 
R. T. Santoro, N. W. Bert in i , and N. M. Larson) 

A newly developed ca l cu lat iona l model f o r nucleus-nucleus 
c o l l i s i o n s has been applied to obtain secondary-neutron spectra from 100-
MeV/nucleon alpha p a r t i c l e s incident on C and from 100-MeV/nucleon C 
incident on C. These data can be used in estimating shie lding require -
ments f o r medium-energy heavy-ion machines. Also included i s a comparison 
between a previous model used only f o r ca l cu lat ing secondary-part ic le 
spectra from a lpha-part i c l e nuclear react ions and the new, more general 
nucleus-nucleus c o l l i s i o n model. 

*Nucl. Sc i . Eng. 53, 3 (1974). 
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3. Treatment o f Large Perturbations o f the Hamiltonian and the 
Foundary Conditions of a Quantum Mechanical System as an 
I n i t i a l Value Problem* (R. B. Perez and G. de Saussure) 

On the bas is of an i n t e g r o d i f f e r e n t i a l equation s a t i s f i e d by 
the t rans i t i on T-matrix, together with i t s associated i n i t i a l cond i t i ons , 
we have developed a general formalism to treat large perturbations in both 
the Hamiltonian and the boundary condit ions of a quantum mechanical system. 
As a resu l t of th is formalism, a set of f i r s t order d i f f e r e n t i a l equations, 
in terms of any of the physical parameters of the system, i s given f o r the 
widths and po les of the c o l l i s i o n U-matrix. 

The technique i s i l l u s t r a t e d by the coversion of a set o f 
R-matrix resonance parameters into i t s equivalent set of U-matrix widths 
and p o l e s , which corresponds to the passage from the R-matrix boundary 
condit ions to the complex, momentum-dependent boundary condit ions a s s o c i -
ated with the Kapur-Peierls react ion formalism. 

The case of large perturbations of the Hamiltonian i s i l l u -
strated by the ca l cu la t i on of the e l a s t i c - and i n e l a s t i c - s c a t t e r i n g cross 
sect ions in a strongly coupled two-channel system which was proposed by 
Tobocman and has been widely used as tes t ing grounds f o r reac t ion t h e o r i t e s . 

To be published in Physical Review C. 
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OHIO UNIVERSITY ACCELERATOR LABORATORY 

A. TANDEM ACCELERATOR PROGRAM 

1. Performance of a high-pressure, high-beam-current gas target* 
(J.D. Carlson) 

A low mass, small-volume gas target which utilizes 0-rings for 
mounting the entrance window is described. The target is intended as a 
neutron source using the D ^ n ^ H e and T(p,n)'fHe and T(p,n)3He reactions 
The performance of the gas target with respect to gas pressure and beam 
intensities is discussed. 

* Work published Nuc. Inst, and Methods 113 (1973) 541. 

2. Optical Model Analysis of quasielastic (p,n) reactions at 22.8 
MeV* (J.D. Carlson, C.D. Zafiratos** and D.A. Lind**) 

Quasielastic (p,n) differential cross sections have been measured 
for 29 nuclei ranging from 9Be to 2 0 8 P b at an energy of 22.8 Mev in ap-
proximately 7.5° steps from 10° to 152°. The results have been analyzed 
with a distorted-wave Born-approximation in terms of the generalized op-
tical model due to A.M. Lane. Starting with a complex isospin interaction 
form factor, U 1 } deduced from the Becchetti-Greenlees global set of proton 
optical parameters, the shape of the surface-peaked, imaginary part of Ui 
was varied until good fits to the data were obtained. The shape of the 
real part of Uj and the ratio of the real to imaginary well depths were 
kept fixed at the Becchetti-Greenlees values. The resulting best-fit 
form factors had overall strengths 20-301 less than the Becchetti-
Greenlees value. Further, the resulting imaginary part of was found 
to peak at a decreasing radius relative to the real part of Ui with an 
increasing width as A increases. A smoothed parameterization of the 
best-fit U x is given for all nuclei with A > 40. The individual best-fit 
Ui are used to generate self-consistent neutron optical potentials from 
the Becchetti-Greenlees proton optical potentials as prescribed by the 
Lane model. Neutron elastic scattering angular distributions and reaction 
cross section predicted by these self-consistent potentials are in good 
agreement with observed neutron scattering data 

* To be submitted for publication 

** Department of Physics, University of Colorado. 

/ 
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3. Elastic Scattering of 11 MeV Neutrons (J.D. Carlson, J. Ferrer, 
J. Rapaport and J.F. Lemming) 

Angular distribution measurements of elastically scattered 11 MeV 
neutrons with a resolution of 200 keV have been completed. Scattered neu-
trons produced by the D(d,n)3He reaction were detected simultaneously by 
five liquid organic scintillators employing time of flight method. A to-
tal of 21 target nuclei ranging from Mg to Bi were used including enrich-
ed samples of 92,96,98,ioo M o > T 2 0 S N ^ 206 P b > Analysis of the data that 
takes into account multiple scattering, sample attenuation and angular 
spread corrections is presently in progress. 

4. Measurements of differential neutron elastic cross section for 
Al, Fe, Nb, l z u S n , Bi, Pb at 26.0 MeV. (J.D. Carlson and J. 
Rapaport) 

Angular distributions of 26-MeV neutrons scattered from Al, Fe,Nb, 
1 2 0 S n , Bi, Pb have been measured between 25° and 155° in 5° steps. A re-
lative uncertainty of approximately 2%, based only on counting statistics 
was obtained. Five (8" diameter, and 2" thick NE224) neutron detectors 
were used simultaneously at a flight path of 6.5 meters. A beam of 5-7 
uA of 1.2-1.5 nsec. pulsed 9 MeV deuterons (5 mcs rep rate) was used in 
conjunction with a gas cell filled with 1100 TORR of tritium gas, to pro-
vide the 26 MeV neutrons. 

The data is at present being corrected for multiple scattering and 
finite geometry corrections. 

5. Structure Studies of Light Nuclei with Neutrons 

a. Study of Level Structure of n B from the Scattering of Neutrons 
from 1 0 B . (S.L. Hausladen, R.O. Lane, J.M. Cox, C.E. Nelson, 
H.D. Knox and R.W. Finlay) 

The following are abstracts of two papers recently published: 
"Evidence for Assignment of 14.0 MeV State in n B from 1 0B(n,n) 1 0B"* 

(J.M. Cox, H.D. Knox, R.O. Lane and R.W. Finlay) 
"The differential cross section and polarization for neutrons 

scattered from 1 0 B have been measured at E n=2.63 MeV (Ex=13.85 MeV). The 
results of this experiment and other available neutron scattering data in 
the range 1 < Eq < 4 MeV are interpreted through a single-level R-matrix 
calculation over the region 12 < E x < 15 MeV. Based on this analysis the 
most probable J17 assignment for the 14.0 MeV level in n B is . The 
anomaly near E x=13.1 MeV can only be explained in terms of two overlap-
ping levels having assignments of (5/2,7/2)" and (3/2,5/2,7/2) 
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"Structure Study of n B from the Scattering of Neutrons from 1 0B"** 
(S.L. Hausladen, C.E. Nelson and R.O. Lane) 

"Differential cross sections for neutrons scattered from 1 0 B 
have been measured for 1.5 MeV < ^ < 4.4 MeV. These results and elastic 
scattering and polarization data at lower energies together with data from 
thr reactions 1°B(n,a0)

7Li and ^ ( n , ^ ) 7Li (0.48 MeV) have been simulta-
neously fitted using a two-level, four-channel R-matrix formalism with a 
non-diagonal background R° matrix. The level parameters obtained from 
the R-matrix fitting of these data for states in n B with excitaiton en-
ergies 11.5 MeV < E x < 15.5 MeV are consistent with other reactions such 
as 1 0B(n,n'y) 1 0B(0.717) , 7Li(a,n 0)

1 0B and ^ ( a , ^ ) 1 0B(0.717) which lead 
to states in n B . M 

Very recent calculations by the Los Alamos evaluation group 
(G. Hale, private comm.) with their large R-matrix search program have 
confirmed our results for assignments of states in n B . Their fitting 
includes more extensive data on 7Li(a,a) 7Li, 7Li(a,a') 7Li*, 7Li(a,n 0)

1 0B 
and ^ ( a , ^ ) 1 ^ * and has so far been limited to E - 1 MeV. The level 
structure in this nucleus is quite complex above E x ^ 1 0 MeV arid consider-
ation is being given to various additional measurements including neutron 
polarization that might reduce the uncertainty in assignments at the high-
er energies. 

* Nucl. Phys. A203 (1973) 89. 
** Nucl. Phys. A217 (1973) 563. 

b. Structure Study of 1 2 B from the Elastic Scattering of Neutrons 
from nB.* (C.E. Nelson, S.L. Hausladen and R.O. Lane) 

The following is and abstract of a paper recently published 
on this topic: 

"Differential cross sections for neturons scattered from 1 1 B 
have been measured for 2.2 MeV < E < 4 . 5 MeV. The differential cross 
section a(6) is fitted reasonably well by+R-matrix parameters for broad 
states in 1 2 B with assignments 1 and (1) at excitation energies E =5.8 
and 6.8 MeV respectively. The broad l" state has not been previously ob-
served and is believed to be the 1 member of the I P 5 / 2 p a r t i c l e -
hole multiplet predicted to exist by earlier shell model calculations. 
Its existence completes the identification of all of the levels of this 
multiplet (3~,2 ,4~,1) . The broad (1) level at E x=6.8 MeV has notbeen 
previously observed. States at excitation energies E =5.61, 5.73 and 6.6 
MeV have been assigned spins and parities of 3 ,3 a m (1)+ respectively, 
these states had previously been assigned spins of 2,3 a n d S 1 respec-
tively. Work on T=1 states in 1 2C* has been compared with the present 
work." 

Neutron scattering from
 n

B offers a paricularly good opportu-
nity to compare experiment and shell model structure calculations because 
of the low excitation energies available in 1 2 B and the relatively simple 
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particle-hole structure. To this end, further investigations are being 
made into the comparisons of our results with model predictions in the 
A=12 system such as those of Rowe § Wongl. Because neutron interactions 
with B at these energies lead only to pure T=1 states in 1 2 B a more di-
rect comparison with theory can be made than for states in 1 2 C because 
theory predicts-'- states of pure-T whereas the observed mixing of T=0 and 
T=1 in C presents difficulties in separating out the two in experimen-
tal data for 1 2 C . Very recent calculations by J. Birkholz and V. Heil 2 

use continuum shell model calculations for neutron scattering from U B to 
derive states in 1 2 B and from these predict differential scattering cross 
sections and polarizations. These are shown by Birkholz and Heil to agree 
fairly well with the experimental results of the present authors. However, 
there are differences in some regions, and these are being investigated 
to see if further experimental work is indicated. 

* Nucl. Phys. A217 (1973) 546. 

1. D.J. Rowe and S.S.M. Wong, Nucl. Phys. A153, 561 (1970). 
2. J. Birkholz and V. Heil, Report I KDA 74/11, Institut fiir Kernphysik, 

Technische Hochschule Darmstadt,(Nucl. Phys. In press). 

c. Structure Study of 1 3 C from the Scattering of Neutrons from 
* 2C. 

The following is an abstract of a paper recently published on 
this topic: 

"Differential Cross Section and Polarization for 2.63 MeV Neutrons 
Scattered from 1 2C."* (H.D. Knox, J.M. Cox, R.W. Finlay and R.O. Lane) 

"The differential cross section and polarization of 2.63 MeV 
neutrons scattered from 1 2 C have been measured at eight angles between 
17° and 118° in the laboratory system. By simultaneously fitting the 
cross section and polarization data, a set of scattering phase shifts was 
obtained. The values of the resulting d-wave phase shifts were larger 
than those of other existing sets of phase shifts in the energy region. 
A subsequent R-function analysis, reflecting these larger d-wave phase 
shifts, gave excellent fits to other experimental data below 3 MeV neutron 
energy region. The influence of narrow states at 7.50 and 7.55 MeV exci-
tation energy in 1 3 C is discussed." 

* Nucl. Phys. A217 (1973) 611. 

d. Structure Studies of Light Nuclei with Neutrons (R.O. Lane) 
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An invited paper on this topic has been published in the Pro-
ceedings of the International Conference on Nuclear Structure Study with 
Neutrons, held in Budapest, Hungary, July 31-August 4, 1972; Publishing 
House of the Hungarian Academy of Sciences, pages 31-64. 

e. Performance of Polarization System for Elastic Neutron Scat-
tering with 1-nsec. Pulsed-Beam TOF Technique. (C.E. Nelson 
and R.O. Lane) 

The capability for definitive structure studies in the light 
nuclei by neutron scattering can be considerably enhanced by polarization 
measurements made simultaneously with that of the differential scattering 
cross section. Because excited-state groups or break-up neutrons from 
source reactions and inelastic groups from scattering samples cause di-
ficulties at all but the lowest energies, some method of separation of 
these undesired neutrons must be employed. The properties of the Ohio 
University Tandem Accelerator were exploited to develop a time-of-flight 
system of at least 5 large (8-inch dia.) scintillators in shielded col-
limators which observe polarized beams of neutrons scattered from vari-
ous cylindrical scatterers over a scatterer-to-detector flight path of 
^1.5-2.0 meters. The source reaction produces polarized beams of neu-
trons at ^50° from the incident charged particle beam. The polarized 
beam of neutrons passes through the transverse field of a spin precession 
magnet (formerly used by the Argonne group) before striking the scatterer. 
The source-to-scatterer distance is approximately 75 cm. Both 7Li(p,n)7Be 
and 9Be(p,n) 9B have been used as polarized source reactions in prelimi-
nary measurements and others such as T(p,n)3He are also under consider-
ation. The calibration of the precession magnet has been rechecked and 
gave good agreement with the previous one at Argonne for energies used 
in that earlier work. 

This method of TOF separation with a pulsed beam of discrete 
energy has certain advantages over the use of continuum spectra used in 
other techniques, and we are just beginning to develop the full poten-
tial of this on our high-intensity tandem at Ohio University. Because 
neutron polarization work is difficult by any method, it is important 
to make determinations of the same nuclear parameters by two independent -
and quite different methods in order to have high confidence in assign-
ments for theory comparisons. Thus the discrete and continuum methods 
may be considered as complimentary to each other. 

As a check on this fairly novel application of tandem pulsed 
beams, the polarization of neutrons scattered from 1 2 C at E n=1.8 MeV was 
measured and compared to previous measurements made at Argonne with a 
d.c. beam, different detectors but the same precession magnet. The re-
sults are shown in Fig. A-l and indicate excellent agreement with good 
statistical accuracy. Of course, simultaneously along with the polari-



213. 

zation data come the corresponding differential scattering cross section 
data determined from calibrated detector efficiencies. These naturally 
have much higher statistical accuracy. A very important point here is 
that fitting or comparisons of nuclear model or even R-matrix calculations 
with data is much more meaningful when using results from a simultaneous 
self-consistent measurement of polarization and differential cross section 
data rather than fragments from unrelated experiments. 

With a figure of merit thus established for this configuration 
of equipment, investigations into some of the light nuclei will be pursued. 

Figure A-l 

f. n C Production by a Tandem Van de Graaff for Medical Uses. 
(A.G. Perris, R.O. Lane, J.D. Matthews and J.Y. Tong) 

The Following is an abstract of a paper published on this 
topic: 
"The Production of Carbon-11 for Medical Uses by a Tandem Van de Graaff 

Accelerator by the Reaction 1 1B(p,n) 1 1C"* 
(A.G. Perris, R.O. Lane, J.Y. Tong and J.D. Matthews) 

Carbon-11 for medical uses was produced by the 1 1B(p,n) 1 1C 
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reaction on the Ohio University Tandem Accelerator. The proton energy 
was 6 MeV with a beam current of 3 yA. Boron trioxide was used as a tar-
get with helium as a carrier gas. A Havar window separated the pressure 
in the target cell from the accelerator vacuum. Liquid nitrogen and 
chemical traps were used to collect the active material which was recov-
ered in the forms of n C 0 2 and 1 1CO. Activities of approximately 50 mCi 
were recovered for runs of 100 min. The ratio of 1 1 C 0 2 /

1 1 C 0 was found to 
be 3-5. The effect of the flow rate of the carrier gas on the recovered 
total activity is presented. The significant advantages of the 1XB(p,n)* :C 
reaction over the extensively used 1°B(d,n)11C reaction are discussed. 
The feasibility of the production of useful amounts of n C by Van de 
Graaff accelerators is also discussed. 

* International Journal of Applied Radiation and Isotopes, 25 (1974) 19. 

6. Decay of 5 1Mn* (J.C. Ferrer, J. Rapaport, S. Raman**) 

We have investigated the y-rays from the decay of 46-min 5 1Mn 
produced by the 5 0Cr(d,n) reaction. Twelve y-rays were observed. These 
y-rays have been incorporated into a level scheme of 5 1Cr with levels at 
0, 749.1, 1164.4, 1353.3, 1557.4, 1899.4, 2001:4, 2312.5 and 2829.7 keV. 
Branching ratios, log ft values, and J^assignments are discussed for these 
levels. The lifetime of the 749.1 keV level was measured to beTi=7.60±0..3 
ns by utilizing the 5 1V(p,ny) 5 iCr reaction produced by a 3.8 MeV'pulsed 
proton beam. The 749 keV, E2 transition is hindered by a factor of 34 com-
pared to the Weisskopf estimate. 

* The work has been published in Z. Physik 265, 365-370 (1973) 

** Nuclear Data Group, Oak Ridge National Lab. 

7. Anomalies in the 7 2Ge(q,n) 7 5Ge Reaction near Isobaric Analog 
Resonances in / bSe* (A.J. Elwyn**, J;E. Monahan**, J.F. Lemming, 
J. Rapaport and M. Sample) 

Anomalies in the excitation function of the reaction 7^e(a,n)7%e 
are compared with isobaric analog resonances observed in the 7?Vs(p,n)75Se 
reactions. The results are consistent with the interpretation that the 
same analog resonance is populated in both reactions. Since the (a,n) re-
action through isobaric analog states is isospin forbidden in both entrance 
and exit channels, these results imply some isospin-breaking mechanism 
for the excitation of analog resonances via alpha and/or neutron channels. 
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* Work submitted for publication to Phys. Rev. 

** Physics Division, Argonne National Lab. 

8. The
 7 5

As(d,p)
7 6
As reaction* (J.F. Lemming, J. Rapaport, and A.J. 

Elwyn**) 

The low lying level structure of
 7 6

A s has been studied by the 
7 5
As(d,p)

7 6AS reactions with 12.0 MeV incident deuterons using the ANL 
split-pole spectrograph. Experimental angular distributions are compared 
with distorted-wave Born approximation calculations. Angular momentum 
values are determined for the observed transitions up to approximately 2.0 
MeV excitation energy. Spectroscopic strengths are deduced from the data 
of the thirty one levels up to 1.03 MeV; nine have pure I values while 
all the others showed some degree of admixture. Possible spin and parity 
values are assigned for some of the levels based on the present results 
and (n,y) (p,n) and (p,ny) studies. 

* Work submitted for publication to Nuclear Physics. 

** Physics Division, Argonne National Lab. 

9. Low lying states of 9 6Tc* (G. Doukellis, C. McKenna, R. Finlay, 
J. Rapaport, H.J. Kim**) 

The 9 6Mo(p,n) and 9 5Mo(p,ny) reactions have been studied for proton 
energies between 3.8 and 5.5 MeV. Energy levels in 9 6 T c up to 632 keV 
excitation energy have been determined. Possible spin and parity assign-
ments are given for several levels based on the neutron enhancement and 
angular distributions observed on and off resonance of the '5/2 isobaric 
analog state in 9 7 T c , as well as the observed gamma yields. The first 
excited state reported at 34 keV was found to be a close doublet only 
0.8 keV apart. The observation of this doublet in the (p,n) reaction 
was used to determine the ground state Q value Q=-3.760±0.010 MeV. 

* Work accepted for publication in Nuclear Physics. 

** Physics Division, Oak Ridge National Lab. 

10. Masses of Technetium Isotopes (J.R. Comfort, R.W. Finlay, C.M. 
McKenna, P.T. Debevec*) 
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The masses of 9 7 > 9 8 T c were determined by investigations of (p,n) 
and ( 3He,d) reactions on molybdenum targets. The (p,n) measurements 
were performed by using time-of-flight techniques at the Ohio University 
Tandem Laboratory. The Q value for the 9 7Mo(p,n) 9 7Tc reaction was cali-
brated against the 5 5Mn(p,n) 5 5Fe reaction, while that 9 8Mo(p,n) 9 8Tc reac-
tion was calibrated against the 6 5Cu(p,n) 6 5Zn reaction. The ( 3He,d) 
measurements were made with magnetic spectrographs at the tandem labora-
tories of Argonne National Laboratory and the University of Pittsburgh. 
The new values have a precision better than 10 keV and are listed in 
Table A-2. The Q value measured in this laboratory for 9 6Tc agrees well 
with the value in Ref. 1. For 9 7 T c , the Q value for the (p,n) reaction 
is shifted by +28 keV from the value in the 1971 Atomic Mass Evaluation. 
The measurement for 9 8 T c represent new values since the previous measure-
ments had an error of 200 keV. 

Table A-2. The Q values for (p,n) and ( 3He,d) reactions leading to tech-
netium isotopes, and the mass excesses for the residual nuclei. The mass 
excesses are revised from the 1971 atomic-mass compilation (Ref. 2) 

Reaction Q Value Mass Excess 
(MeV) (MeV) 

9 6Mo(p,n) 9 6Tc -3. 760 (10)a -85. ,820 (10) 

9 6Mo(p,n) 9 6Tc -3. ,755 (6)b -85. ,825 (6) 

9 7Mo(p,n) 9 7Tc -1. ,102 (6) -87. ,221 (6) 

9 6Mo( 3He,d) 9 7Tc 0 . .229 (8)C -87. ,230 (8) 

0. .220 (8)d • -87. ,221 (8) 

9 8Mo(p,n) 9 8Tc -2, .458 (10) -86. .432 (10) 

9 7Mo( 3He,d) 9 8Tc 0 , .680 (8) -86. ,420 (8) 

See previous abstract 

b Ref. 1 

Argonne data 

^ Pittsburgh data 
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* Physics Division, Argonne National Laboratory. 

1. R.G. Kruzek et al., Bull. Am Phys. Soc. 17, 514 (1972); but see also 
Nucl. Data B8, 615 (1972) 

2. A.H. Wapstra and N.B. Gove, Nucl. Data A9, 265 (1971). 

B. NUCLEAR THEORY 

1. The Odd-A 5 9 ~ 6 5 N i Isotopes in the Core-coupling Model* (P. 
Ho £ fman-Pinther and Jerry L. Adams) 

The low-lying spectra of th odd-A 59-60^1 isotopes and transitions 
in these isotopes have been described in terms of the Core-coupling model 
of Thankappan and True-*-) modified by taking quasiparticles into account. 
In the present case one quasiparticle is coupled to the core. The core 
states are the 0 + ground state and the 2 + first excited state of the ap-
propriate neighboring even-even Ni isotope. The Of5/2, lP3/2> IP1/2 
orbits are open to the last neutron. The energies of the core states and 
the occupation probabilities for the last neutron are taken from experi-
mental data. The quasiparticle energies and the strength parameters of 
the quasiparticle-core interaction have been varied to fit both the ex-
perimental energy level spectra and the spectroscopic factors for several 
levels seen in (d,p) reactions. This procedure establishes close corre-
spondence between a number of calculated and experimental states. The 
wavefunctions of the corresponding calculated states have been used to 
calculate Ml and E2 transition rates and magnetic dipole and electric 
quadrupole moments. 

The calculation reproduces well the overall pattern of low-lying 
spectra for 5 9 ~ 6 5 N i . Th energies of the lower lying calculated states 
are in good agreement with the corresponding experimental energies while 
the calculated spectroscopic factors are in qualitiative agreement with 
the experimental values. In addition, the calculated transition rates 
reproduce many of the branching ratios, B(E2) values, and lifetimes of . 
59"63Ni> 

* This work is being submitted to Nuclear Physics for publication. 

1. V.K. Thankappan and W.W. True, Phys. Rev. 137B, 793 (1965). 
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C, A-CHAIN CCMPILATIONS (J.F. Lemming* and J. Rapaport) 

1. Nuclear Data Sheets for A=142** (J.F. Lemming and S. Raman1") 

Level schemes and decay characteristics are presented for all nu-
clei with mass number 142. Experimental data, adopted values, compari-
sons with theory and arguments for spin and parity assignments are given. 
The adopted level scheme and decay properties are based on data received 
before March 1, 1973. 

* Nuclear Information Research Associate. Work supported by the Nation-
al Science Foundation through the National Academy of Sciences--Na-
tional Research Council Committee on Nuclear Science. 

** Published as Nuclear Data Sheets 10, 309 (1973). 

Nuclear Data Group, Oak Ridge National Lab. 

2. Nuclear Data Sheets for A=143* (J.F. Lemming) 

Level schemes and decay characteristics are presented for all nu-
clei with mass 143. Experimental data, adopted values, comparisons with 
theory and arguments for spin and parity assignments are given. 

The adopted level schemes and decay properties are based on data 
received before Jan. 1, 1974. 

* To be published. 

3. Nuclear Data Sheets for A=81* (J.F. Lemming) 

The 1966 version of the Nuclear Data Sheets has been revised on 
the basis of data received before March 1, 1974. New level schemes and 
decay properties were adapted. 

* The manuscript is now being typed. 

4. Nuclear Data Sheets for A=82 (J.F. Lemming and S. Raman*) 
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The work is almost 80% completed on the revision of mass 82 
Nuclear Data Sheets. Approximately 50 new references have been reviewed. 

* Nuclear Data Group, Oak Ridge National Lab. 
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RENSSELAER POLYTECHNIC INSTITUTE 

A . CROSS SECTION MEASUREMENTS 
105 151 

1. K e V N e u t r o n Capture Cross Section of Pd. Eu 

and 

(H. D. Knox , R . W . H o c k e n b u r y , N . N . K a u s h a l and 
R . C . Block) 

The capture analysis has been checked from raw data to 
relative capture yields. Multiple scattering corrections 
have been made to some low energy resonances using a M o n t e 
Carlo c o d e . These calculations are still in progress. 

151 
A comparison of our Eu capture results in the keV 

region to those of Czirr^ shows good agreement with the ex-
ception of the region near 4 keV where our data are lower. 

* R e q . N o s . 377, 339, 305 

+ N o w at Texas A . & M . U n i v e r s i t y , College Station, Texas 
77843 

242 * 
2. K e V Neutron Capture Cross Section of Pu 

(A. J . Sanislo, N . N . K a u s h a l and R . W . Hockenbury) 

The high-low bias data (used to separate the capture and 
fission contributions) have been corrected for deadtime and 
background e f f e c t s . The blank sample data are being normal-
ized to the foreground data in order to remove the effects of 
the relatively small amount of capture in the sample contain-
er 

The relative flux data has been processed through the 
u s u a l deadtime, b a c k g r o u n d , path compression, airpath atten-
u a t i o n , and relative efficiency c o d e s . 

The next step w i l l be to obtain an absolute normalization 
of the capture and fission data. 

* R e q . N o . 539 

1 J . B . C z i r r , U C R L - 5 0 8 0 4 . 



221. 

3. Capture and Total Cross-Section Measurements on 
5 4 > 5 8 F e and 6 1 N 1 * 
(M. Pandey, N. N. Kaushal, R. Garg, H. D. Knox, 
R. C. Block and R. W. Hockenbury) 

. H i g h resolution transmission measurements were made on 
Fe and ^ N i f r o m about 15 k e V to 100 k e V . A c h a n n e l w i d t h 

of 8 ns and a linac pulse width of 11 ns w e r e u s e d : w i t h a 
1 0 B -Nal detector at 28 m . The transmission of a 5°Fe sample 
was measured w i t h a time c h a n n e l of 31.25 ns since the level 
spacing is such that the higher resolution was u n n e c e s s a r y . 

The capture and transmission data are being processed 
for deadtime and background corrections. Net counts vs en-
ergy are shown in Fig. 1. 

* R e q . N o s . 169, 173, 187, 200 
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TR IANGLE UNIVERSIT IES NUCLEAR LABORATORY 

A . N E U T R O N A N D F I S S I O N PHYSICS 

1. Fast- Neutron Differential Cross Sections, 8-15 M e V ( D . W . G l a s g o w , 
F. O . Purser, J . Clement, K . S te lzer ,* G . M a c k , * * C. R. Gould, 
D. E. Epperson, E. J . Ludwig, J . R. Boyce, E. G . Bilpuch, H. W . New-
son, R. L. Wa l ter , N . R. Roberson, M . Divadeenam) 

The initial phase of installation and instrumentation of the Cyclo-
Graaff Neutron Time-of-Flight (TOF) Faci l i ty has been completed. Hopefully, 
efforts wi l l soon be resumed on the complementary n-y spectrometer. 

Experimental studies were made of the time-correlated and uncorrelated 
background associated with the primary neutron source reaction D(d,n)3He at deu-
teron energies of 6, 8, and 10 MeV . The neutron TOF spectra were practically de-
void of neutrons produced by deuteron reactions on beam line contaminants such as 
carbon, oxygen, si l icon, etc. For E j = 10 M e V , the intensity in the unstructured 
background between the quasi -monoenergetic D(d,n)3He neutron group and the 
break-up continuum due to D(d,np)D appear to be superior to that shown in re-
cently published TOF spectra for the T(p,n)3He reaction at comparable neutron 
energies and detector biases. This very clean source spectrum is.a result of (1) ex-
cellent vacuum obtained in an al l metal beam line pumped by a turbo-molecular 
pump with L N 2 trapping; (2) beam optics which minimize the interactions of the 
deuteron beam with the beam line components; and (3) optimum design of the mas-
sive neutron collimator and detector-shield system. 

Experimental studies were also performed to determine the extent of 
the time correlated and uncorrelated background associated with elastic and inelas-
tic scattering of neutrons by C at a number of angles and incident neutron energies. 
Present background levels are reduced by a factor of 1.4 as compared to an earlier 
version of the TOF spectrometer-goniometer system. The lower background is aided 
by improved laboratory shielding and superior electronic pulse shape discrimination 
of y-rays. 

Elastic and inelastic differential scattering experiments were performed 
on natural carbon (USNDC-6 , Request No . 56) at 28 angles between 25-160° for 
E n = 9 and 10 MeV . The data at 9 M e V overlap previous data from the Aerospace 

* Senior research scientist visiting from Frankfurt, Germany 
* * Senior research scientist visiting from Tubingen, Germany 
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Research -Laboratories whi le the 10 M e V data has not been previously measured. 
The conversion of the yields to absolute cross sections is performed using measured 
detector relat ive eff iciencies, and an auxiliary n ,p scattering experiment performed 
on a cyl indrical polyethylene sample. The relative eff ic iency for the NE218-
58DVP detector system has been determined over the neutron energy range 2-13 MeV 
using the absolute differential cross sections for the production of neutrons of known 
energy v ia the D(d,n)3He reaction. The auxiliary n,p scattering experiment was 
also used to determine the beam zero to within ±0.1° from the relative positions of 
the elastic and inelastic neutron groups in the TOF spectra. 

A number of on- and off-line data-reduction programs are in use in 
order to extract background and dead-time corrected yields, convert to absolute 
cross sections, and correct the data for attenuation of the incident and scattered 
neutron flux density, angular resolution, finite size and anisotropy of the primary 
neutron source, and multiple scattering in the sample. 

The plan is to extend the carbon scattering measurements on up to 
15 M e V neutrons. 

2. Resolved Neutron Total Cross Sections and Intermediate Structure 
( J . Clement, B.-H. Choi , W . F. E. Pineo, M . Divadeenam, H. W . 
Newson) 

A paper entitled "Intermediate Structure: 28Si" is ready for submission 
to Annals of Physics. The abstract follows. 

" A Mult i- leve l R-Matrix analysis of Si neutron cross sec-
tion data measured at NBS has been performed up to about 4.5 
M e V neutron energy. Both p- and f-wave resonance structure 
around 1 M e V and 1.7 M e V , respectively, is interpreted in 
terms of the doorway state effects. Besides the wel l known 
180 keV strong 1/2+ resonance, the s-wave resonance struc-
ture is of moderate strength, whi le the d-wave assignments 
are not unambiguous. A spherical shell-model 2p-lh doorway 
interpretation is attempted both for s- and p-waves. In addi-
tion the intermediate coupling model of Lane, Thomas and 
Wigner is applied to the p- and f-wave structure. On ly a 
small fraction of the p-wave s.p. strength is observed while 
the identified f-wave strength is located around 1.7 M e V 
neutron energy. Making use of a complex potential model 
a rough estimate of the p- and f-wave spreading width for 
the corresponding intermediate structure is made. These 
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widths are of the order of 0.5-1.0 M e V . Final ly possible 
correlation between neutron and gamma decay channels and 
the connection between the states observed in (n ,n) , (d ,p) , 
(n,Y) and (Y,n) channels is discussed." 

The role of l f5/2 single-particle state in the theoretical doorway des-
cription of the 5/2 resonances in 29Si compound nucleus is investigated—the de-
tails are given in A12. 

An R-Matrix interpretation of S neutron cross section data measured 
by Farrell et. al* in this laboratory a few years ago has been completed. The s- and 
p-wave doorway effects are not as pronounced as in the case of Si+n resonances. 
The analysis reveals a 1.2 keV wide f-wave resonance at 585 keV neutron energy. 
This resonance has a large reduced wi 

dth y2 = 1270 keV which is about 70% of the 
single-particle limit. This is in agreement with the shell-model picture, in that the 
lft^/2 state should occur at low neutron energies. A similar pronounced f-wave 
structure was observed in 28Si neutron cross section data at about 1.7 M e V (see 
above and section A12). The f-wave assignment for two resonances around 1.7 M e V 
in ^ i is more definite than in the case of S. A d-wave assignment for S+n 
585 keV resonance is not ruled out, however the optical model and shell model 
arguments favor f-wave description for this resonance. The onset of d-wave reso-
nances occurs above 600 keV neutron energy. A paper2 discussing the details of 
analysis and comparison to spherical shell model 2p-lh doorway calculations wi l l 
be presented at the Spring Washington American Physical Society meeting in 
Apr i l , 1974. 

Pendinq the analysis of 5 8Ni neutron cross sections extracted from the V O ' tfi 

natural sample data, the publication of the N i neutron cross section analysis 
results is withheld. 

Preparation of a paper on Sr+n cross section data is in its final stages. 

A paper on the neutron cross section data of Pb isotopes is in progress. 

3. Averaged Cross Sections, Strength Functions, and Intermediate Struc-
ture (W. F. E. Pineo, M . Divadeenam, E. G . Bilpuch, H. W . Newson) 

Part I I of the series on Strength Functions and Average Cross Sections 

' J . A . Farrel l , E. G . Bilpuch and H. W . Newson, unpublished. 
2 J . M . Clement, M . Divadeenam, H. W . Newson, Bull. Am. Phys. Soc. 19,573(1574. 
3 S . Cierjacks e t a l . , BNL Neutron Cross Section Compilation Library. 
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is scheduled to appear in Annals of Physics, Volume 84 (1974). 

Part I I I of the series is in preparation. The abstract follows. 

"Neutron cross sections measurements on the separated 
isotopes 92 '94f 95 ' 96f98 ' 100Mo and remeasurements on natural Ru, 
Rh, La , Hf , Ta, W , Ir, Os , T I , Bi, Th, and U were made with 
improved techniques to minimize inscattering background trans-
mission measurements. The average cross section method (Duke 
Method) was employed to estimate s-, p-, and d-wave strength 
functions and R1 from the measured average cross sections re-
ferred to above in addition to earlier Duke measurements, and 
published Wisconsin measurements. The results are compared 
with both spherical and col lect ive optical potential model ca l-
culations. p-wave strength functions are in good agreement with 
the col lect ive model predictions, whereas only qualitative 
agreement is found with the col lect ive model calculations in 
the case of s-wave strength functions, d-wave strength func-
tions indicate two broad giant resonances at A = 60 and 160." 

4. Charged Particle Fission (F. O . Purser, J . R. Boyce, D. E. Epperson, 
H. W . Newson, E. G . Bilpuch, H. W . Schmitt*) 

a. Analysis of Fission Cross-Section Measurements 

This analysis is continuing with a v iew toward using the results 
to a id in the reduction of multi-chance mass y ie ld data. Current efforts are being 
directed toward resolving the ambiguities introduced by use of optical model re-
sults for total reaction cross sections and for the inverse neutron cross sections re-
quired by the fission decay model. 

b. Mass And Kinet ic Energy Measurements 

A systematic study of the fission fragment mass and kinetic enercy 
distributions produced in proton induced fission of the uranium isotopes has been 
resumed. Results thus far obtained include measurements for U and U for pro-
ton energies from 6.0 to 13.0 MeV . A major part of the work has been to obtain 
accurate measurements for incident proton energies below the thresholds for second 

* O a k Ridge National Laboratory, Oak Ridge, Tennessee 
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chance fission in these isotopes. Preliminary results from these measurements in-
cluding the effect of the onset of second chance fission wi l l be reported at the 
Spring meeting of the American Physical Society. The eventual goal of the program 
is to obtain mass and kinetic energy data for highly excited fissioning nuclei from 
which the effect of higher chance fission events has been removed. 

c. Cross Section Measurements 

The analysis of the fission fragment angular distribution data is 
continuing. 

5. A Se lect ive ly Excited And Distorted (SEXD) Liquid Drop Model (H. W . 
Newson) 

This model includes both l iquid-like and Fermi gas-like phenomena in 
such a way that shell effects via the 2p-lh mechanism (see Rule 3 , Table 1) impose 
selection rules on the conventional LDM. One can now understand the fragment 
properties without abandoning the latter model. 

The selection rules have been formulated so that they can be justified 
without reference to fission data. They are then used to account for the deviations 
from the LDM not only in yields but also in neutron emission and fine structure ef-
fects. The Rules are discussed briefly in the Table. A paper which develops the 
consequences of these rules and compares them with experiment is being prepared. 

6. Cross-Section and Polarization in (3He,n) Reactions from 12C and , 3C 
from 8 to 22 M e V (T. C . Rhea, R. A . Hardekopf,* P. W . Lisowski, 
J . M . J o y c e , * * R. Bass,+ R. L. Walter) 

A publication summarizing the results of these measurements is being 
prepared. However, some new DWBA calculations for the ,n) may be re-
quired if the results of the coupled-channel study concerning the ' 3C( 3He, 3He) ' 3C 
scattering (see Section B. 23) show that significant changes in the optical model 
parameters are cal led for. 

* Now at Los Alamos Scientif ic Laboratory, Los Alamos, N e w Mexico 
* * Now at East Carolina University, Greenv i l l e , North Carolina 
+ Now at Frankfurt University, Frankfurt, Germany 
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It has been frequently pointed out by N ix that the LDM predicts a very short 
time interval between last barrier and scission. Since 2plh promotion out of closed 
structures is known to be slow,* the kinematics of the LDM accounts for their sur-
prising stability (even at very high Ex ) and consequently for asymmetric fission. 

TABLE 1 

RULES (In Order of Priority) Remarks 

1. O P T I M U M PENETRAT ION O F It can be shown that Q m a x is at asym-
LAST BARRIER REQUIRES M A X I M U M metric division when: 82 + 82 = 164 > 
E N E R G Y RELEASE ( Q m a x ) DUE TO LDM N 0 > 132 = 82 + 50. N 0 E number of 
EFFECTS, A N D neutrons in compound nucleus. 

2. ALSO AS M A N Y O F THE MORE EF- Other shells are much less effective, for-
FECTIVE CLOSED SHELLS AS POSS IBLE : bidden by Rule 1, or (eg. 56N) redundant. 
82N, 50Z OR 50N, 28Z, 40Z, I N Relative effectiveness is assigned by com-
BOTH FRAGMENTS TOGETHER paring the excitation energy E x of the 
(= A L L O W E D MODE ) . first 2+ states of singly magic nuclei. 

3. C O N S I S T E N T WITH FRAGMENT E x , The probability of promotion (via the 
A N D K I N E M A T I C S , STATISTICS, 2plh mechanism) decreases with fragment 
F I S S I O N CONSERVES FAVORED excitation energy H ( e X ) L ' w I t h s i z e o f 

C L O S E D STRUCTURES: 28Z, 50N OR energy gap above closed shell, and with 
50Z, 82N, 40Z, H IGH j * SUBSHELLS. pairing energy. Promotion is emphasized 

more in heavy than in light fragments by 
LDM effects which favor symmetry. 

4. AT HIGHER C O M P O U N D NUCLEUS The observed effects of unfavored modes 
(Ex )0 FORB IDDEN A N D U N F A V O R E D are usually the same, but eg., Fm(n t hf ) 
M O D E S BECOME MORE IMPORTANT has a strong symmetric mode which cannot 
THAN FOR S P O N T A N E O U S F I S S ION , be due to promotion out of one allowed 

by Rule 2; Fm(Sf) behaves as expected. 

7. Polarization Produced in The (d,n) Reactions on 9Be and n B ( J . Tay-
lor,* * G . Spa lek,+ Th. Stammbach,++ R. L. Walter) 

This project has been inactive and publication of the data wi l l be 
withheld until further (d,n) reaction studies with polarized deuteron beams are 
initiated for these targets. 

* J . A . Farrell, G . C. Kyker, J r . , E .G . Bilpuch and H.W. Newson, Physics 
Letters 17, 286 (1965). 

* * N o w at Armed Forces Institute of Pathology, Washington, D. C. 
+ Univ. of Wisconsin, Madison, Wis. + + Schwe iz . Inst. f. Nuklearphysik, Zurich 
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8. Neutron Polarizations Produced by the Breakup of Polarized Deuterons 
on D and (P. W . Lisowski, R. Bird, T. B. Clegg, R. L. Walter ) 

Polarization transfer coefficients K)f have been deduced from mea-
surements of the neutron polarization produced by the breakup of pure vector-
polarized deuterons on D2 and 4He. Although the data must be additionally cor-
rected for multiple scattering and average analyzing power variations as a function 
of the continuum neutron energy, the results verify that the polarization transfer 
coefficient is approximately 0.90 of its maximum value. 

9. Transfer Polarizations Studies of I 2 C(d ,n ) and 28Si(d , n ) at A Reaction 
Angle of 0 ° (P. W . Lisowski, G . Mack , T. B. Clegg, R. L. Walter ) 

The polarization produced in the , 2 C ( c I , n ) and 2 8 S i (d ,n ) reactions has 
been measured for several deuteron energies from 7 to 12 M e V . Beams of from 25 
to 75 nA of typical ly 70% pure vector polarized deuterons were used. The outgoing 
neutron polarizations were measured by scattering from a high-pressure ^ e gas 
scintillator. Statistical uncertainties in the calculated values of the transfer po-
larization coefficient K ^ are about 0.04. Data were obtained for both the n0 and 
n̂  neutron groups for 12d(d,n). Although geometry, multiple scattering and average 
analyzing power corrections need to be applied before final values are obtained, 
preliminary analysis shows that the transfer coefficients are very large, positive and 
have little energy dependence. 

10. Neutron Scattering Studies Using Polarized Neutrons Produced by Po-
larized Deuteron Beams (P. W . Lisowski, T. C. Rhea, C. E. Busch, 
T. B. Clegg, R. L. Walter) 

a. 3 H e ( n , n ) 3 H e 

The previously obtained angular distributions at 8, 12, and 
17 M e V and the phase-shift analysis of the n+ He system have been put in final 
form. Work is in progress on preparing a report for publication. 

b. ^ e G ^ n ^ e 

Recent experiments were conducted at TUNL to test the precision 
of the Quench-ratio method for determining beam polarizations. These experiments 
have yielded precision angular distributions of 4He(p,p)4He asymmetries at 4.8, 6.3, 
and 12.3 MeV . These data are being incorporated in the data set used in an R-
matrix analysis of the n - ^ e and p - r l e systems. It is expected that these proton 
asymmetry data along with the accurate neutron asymmetry data which have been 
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reported before at 14 and 17 M e V wi l l stabilize the R-matrix parameterization. 
This comprehensive analysis should provide a substantially better comparison of 
n - ^ e and p - ^ e phase shifts and a better test of the differences in these mirror 
systems. 

11. Transfer Polarization Studies in ( p , n ) Reactions (P. W . Lisowski, 
G . Mack , R. Byrd, T. B. Clegg, R. L. Walter ) 

Previously reported polarizations produced at a reaction angle of 0 ° 
for ( p , n ) reactions on several light nuclei have been used to deduce polarization 
transfer coefficients. A major effort was spent on developing a computer code to 
resolve the effects of three-body breakup neutrons from monoenergetic neutron 
groups. The statistical uncertainty of the transfer coefficients varies from about 
0.03 to 0.10. Data for the following reactions wi l l be reported at the Washington 
meeting of the American Physical Society: 

a. D (p ,n )pp 
b. " B ( p , n ) 
c. , 3 C ( p , n ) 
d. 9BeG>,n) 
e. C u ( p , n ) 

12. Polarization Transfer at 0 ° in the D(d,n) Reaction (P. W . Lisowski, 
C. E. Busch, T. B. Clegg, R. L. Walter) 

The polarization transfer coefficient K ^ and the analyzing power 
A z z have been measured at a reaction angle of 0 ° for the D(d,n) reaction. Since 
the. last report, the determinations of A z z below 3 MeV and some of the measure-
ments for K ^ have been rechecked and verify a departure from the constant values 
for these coefficients which are exhibited for energies above 3 MeV . The resulting 
data provide a comprehensive set of transfer coefficients and analyzing powers 
which may be used to calculate neutron polarizations produced by using the D(d ,n ) 
reaction for a source of polarized neutrons. The earlier data were reported at the 
American Physical Society Indiana meeting and are being prepared for final publi-
cation. 



231. 

13. Theoretical Investigation of Neutron Cross Section Measurements 
(M. Divadeenam, B.-H. Choi ,* W . P. Beres , ** S. Ramavataram,* 
K. Ramavataram,+ A . L e v , * * R. Y . Cusson, H. W . Newson) 

a. Shell Model 

(1) Even-Odd Compound Nuc le i 

28 

Si+n: A paper incorporating the 2p-lh doorway calcu-
lations is ready for submission to Annals of Physics (see section A2 for the abstract). 
An abstract1 entitled "The Role of ^5/2 S ,P* State in 28Si+n f-wave Resonances" 
has been submitted to the Washington Spring American Physical Society meeting. 
A comparison of theory with 5 / 2 " neutron resonance widths w i l l be presented. 

208Pb+n and 206Pb+n: 2p-lh shell model calculations in 
209,207pb a r e stj|| . n p r 0 g r e s s -

^Ca+n and ^Ca+n; A paper2 giving the details of 
theoretical 2p-lh doorway calculations and comparison to experimental neutron 
resonance results was presented at the recent Bloomington Nuclear Physics Division 
meeting. A paper incorporating these results is planned for the near future. 

(2) Odd-Odd Compound Nuc le i 

85Y+ n_: The shell model code which had been previously 
used by Ramavataram et al,3 has been recently generalized to handle model space 
for any J11. A mixing of 1 pn>, 1p, (nn'n~')> and l (pp 'p~ ' ) ,n> configurations is 
al lowed in the program. Diagonalization for J11 = 0 + , 1 and 2+ levels corres-
ponding to p-wave resonances is performed in the compound nucleus 90Y. These 
preliminary calculations indicate that most of the p-wave resonance strength lo-
cated in the region of 450 keV agrees wel l with the observations4 of Divadeenam, 
Beres and Newson. It is planned to submit a short report on these calculations 
as a contributed paper to the International Conference on Nuclear Structure and 
Spectroscopy, September 9-13, 1974, in Amsterdam. 

* Now at Pacif ic Lutheran University, Tacoma, Washington 
* * Now at Wayne State University, Detroit, Michigan" 
+ Universite Lava l , Quebec , Canada 
1 M . Divadeenam, R.Y. Cusson, H .W. Newson, Bull. Am. Phys. Soc. 19, 573 (1974 
2 M. Divadeenam, Bull. Am. Phys. Soc._[8, 1403 (1973). 
3 S. Ramavataram, B. Goulard, J . Bergeron, Nuc l . Phys. A207, 140 (1973). 
4 M . Divadeenam, W .P . Beres and H.W. Newson, Annals of Physics 69, 478 (1973. 
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Pb+n; N o progress has been made since the last report-
on calculating the *°8Pb I p- lh state neutron escape widths to compare with experi-
mental ^ P b 

neutron resonance results. 

b. Particle-Vibration Model 

(1) Even-Odd Compound Nuc le i 
^Ca+n and ^Ca+n: The predicted particle-vibration 

doorway escape widthswere combined with the 2p-lh doorway model calculations 
to compare with experimental data. (See above, Part a.) 

208Pb+n and 206Pb+n: The particle-vibration doorway 
width calculations have been extended to p-, d-, and f-wave resonances in com-
pound nuclei 209Pb and 207Pb. These predictions wi l l form a part of the paper on Pb 
isotopes (see Part A2) . 

The marked difference between the spreading widths of 
the 209Pb and 207Pb 500 keV l / 2 + doorway was explained1 

in terms of the nuclear 
spreading of the particle-vibration doorway into particle-2 vibrations (hallway) 
states. Similar model calculations wi l l be extended to other suitable cases. 

An abstract entitled "Non-Local Energy Dependent 
Imaginary Opt ica l Potential For 208Pb" has been submitted to the Washington Ameri-
can Physical Society meeting. In addition a paper entitled "Complex Non-Local 
Opt ica l Potential for Neutron Scattering From 08Pb" has been submitted to Physi-
cal Review. Amos Lev and Wi l l i am P. Beres are co-authors for this paper. The ab-
stract follows. 

" A non-local energy dependent imaginary 
optical potential is calculated for neutron scatter-
ing from 208Pb in the intermediate structure model 
with weak particle-vibration coupling. The energy 
range studied is 0-12 M e V and the partial waves 
considered are i = 0 - 4 . The corresponding con-
tribution to the real potential has also been ob-
tained and is relatively small; this potential is 
presented for s-waves. The imaginary potential 

' M . Divadeenam and W . P. Beres, Phys. Rev. C8, 1123 (1973). 
2 A . Lev , W . P. Beres and M. Divadeenam, Bull. Am. Phys. Soc. 19, 454 (1974). 
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is used to calculate the absorption cross section 
in this energy range for each partial wave. Both 
compound nucleus and inelastic contributions to 
the potential and the absorption cross section are 
included. Below 5 M e V compound nucleus contri-
butions are dominant. Above this energy inelastic 
excitations based on single particle resonances 
and compound nucleus states based on giant reso-
nances contribute, with the former being more sig-
nificant. A comparison of the calculated absorp-
tion to experiment for s-, p-, d-, and f-waves 
is made below the inelastic threshold of 2.6 MeV . 
The agreement, except for p-waves, is quite 
good in terms of the number of resonances and 
other significant details of the cross section. The 
calculated absorption cross sections up to 12 MeV 
are compared to the results from a phenomeno-
logical , loca l , surface peaked imaginary poten-
tial . The non-local potential is also surface 
peaked and the details of its radial behavior 
for an arbitrary energy are given in a contour 
plot." 

(2) Even Mass Compound Nuc le i 

No progress has been made since the last report, 

c. Particle-Rotation Model 

2g 
Si+n; A short paper entitled "Rotator Particle P-wave Neutron 

Resonances in the Compound Nucleus 2 9Si" has been accepted for publication (in 
December 1973) in Lettere al Nuovo Cimento. The abstract follows. 

"Neutron continuum resonance states in the com-
29 

pound nucleus Si are generated in the framework of the 
rotator-particle strong coupling model and neutron elas-
tic escape widths for these resonance levels are calculated 
making use of a quadrupole interaction. The predicted 
resonance energies of the band mixed levels and their 
neutron escape widths corresponding to 1/2~ and 3/ 2" 
are in general agreement with the experimental p-wave 
resonances. A real Woods-Saxon potential with spin-
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orbit term is used for the continuum neutron." 

Similar calculations w i l l be extended to the 24Mg+n case. 

14. Shell-Model Investigation of Doorway State Properties for Compound 
Nuc le i in the s-d Shell Region (S. Maripuu, M. Divadeenam) 

The effect of mixing the single part icle, 2p-lh states and more com-
plicated configurations (3p-2h, e tc . , ) is being investigated for compound nuclei 

Si(28Si+n) and ®S(925+n). A realistic interaction derived from the Sussex relative-
oscillator matrix elements and corrected for 3p-lh , 4p-2h and 2h space truncation 
effects is being used. In addition phenomenological two-body matrix elements are 
being employed. The present study mainly aims at interpreting the distribution of 
the single particle strength among 2p-lh doorway states and possibly the spreading 
of 2p-lh doorway states among the 3p-2h states. A paper based on these findings 
wi l l be presented at the forthcoming American Physical Society Spring meeting in 
Washington.1 The predictions wi l l be compared to experimental neutron resonance 
structure. Similar calculations are being extended to other compound nuclei in 
this mass region. 

15. Theoretical Investigation of Neutron and Gamma Decay of A (Common) 
Doorway (M. Divadeenam, A. Lev , W . P. Beres) 

In recent years the concept of common doorways has been emphasized 
by Lane and others. Experimentally strong channel correlation between neutron 
and 7-decay channels has been observed. In order to investigate this phenomenon 
theoretical ly, the 2p-lh doorway model wi l l be employed to calculate neutron 
doorway Y-decay widths to the compound nuclear ground state. In addition, these 
observed calculations wi l l be directed to understand the occurance of El pigmy 
giant resonance in both photo-induced (and neutron capture) reactions and M l 
giant resonances observed in nuclei around 208Pb. 

16. Computer Programs 

a. M O D S N O O P : N o improvements made since the last report. 

b. ROTORP : This program calculates both the continuum and 
bound states for even-odd compound nuclei. The even-even target is assumed to be 

1 S. Maripuu and M. Divadeenam, Bull. Am. Phys. Soc. 19, 427 (1974). 
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a symmetric rotor and the compound nuclear states are generated in the Nilsson 
scheme. Band mixing is taken into account with the help of the coriolis coupling 
term. Feshbach's doorway state formalism is employed to calculate the level shifts 
and neutron escape widths. Calculation of El transition strengths from the p-wave 
resonances is planned. 

c. SEEK and I N E L : The former program is being used continuously 
to fit total neutron cross section data to extract resonance energies and widths. 

d. L A V A L : This shell model program has been developed in col la-
boration with S. Ramavataram of Universite Lava l , Quebec . Compound nuclear 
states in an odd-odd nuclei are generated within the framework of the spherical 
shell model. 2p and 3p-lh states in the odd-odd compound nucleus are mixed v ia 
an effect ive interaction to obtain doorway states both in the bound and continuum 
regions. Target nucleus 89Y is being considered as a test case. The case of 3 ,P+n 
w i l l be considered next. 

B. C H A R G E D PARTICLE R E A C T I O N S 

1. Fine Structure of Isobaric Analogue States—Charged Particle Scatter-
ing (E. G . Bilpuch, G . E. M i tche l l , H. W . Newson, D. Flynn, 
D. Out law, W . M . Wi lson, J . D. Moses) 

a. The Iron Isotopes 

Work has continued on the development of a high resolution sys-
tem for the 4 M V accelerator laboratory. Most of the recent efforts have been to-
wards improving the target chamber—vacuum. Past experience has shown that a 
good vacuum is essential for high resolution studies. Remeasurements of the 
^ F e ^ p ) and 5 4Fe(p,p') reactions from Ep = 3.36 to 3.48 M e V yielded improved 

data with an overall resolution less than 500 eV . Analysis of these data suggests 
that satisfactory fits to the resonance structure may be obtained at these energies 
with the present analysis codes. 

b. The Titanium Isotopes 

A paper on 50Ti has been published: "High Resolution Proton 
Scattering on 5 0Ti , " N . H. Prochnow, H. W . Newson, E. G . Bilpuch and G . E. 
Mi tche l l , Nuc lear Physics A213, 134 (1973). Results on *T i and ^Ti have been 
published previously. 
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Future plans include a study of inelastic scattering from ^Ti to 
obtain more information on the channel spin mixing ratios. 

c. The Calcium Isotopes 

A paper entitled "Thomas-Ehrman Shifts in 4 1Ca-4 ,Sc" has been 
submitted for publication. The following is the abstract for that paper: 

"Differential cross sections were measured for 
40Ca(p,p) at four angles from E p = 1.80 to 2.90 M e V 
with an overall energy resolution about 400 eV. Spins, 
parities, proton widths, and reduced widths were ex-
tracted for the five observed levels. The ambiguities 
in several of the spin assignments determined from a 
previous experiment have been removed in the present 
work. The Thomas-Ehrman "boundary condition level 
displacement" was calculated for each of the five 
levels in the mirror system. These calculations are in 
qualitative agreement with the observed displacements. 
There is evidence that the 3 / 2 " level at E x= 3.772 M e V 
in 41Sc is the analogue of the second member of the re-
cently resolved 3.61 M e V doublet in 4 , Ca. " 

A talk wi l l also be presented at the Washington meeting on 
this topic. Other papers are in preparation. 

d. 30Si 

Analysis of these data is nearing completion. A talk on the 30Si 
results wi l l be presented at the Washington American Physical Society meeting in 
Apri l . The following is the abstract for that talk: 

"Differential cross sections for the 30Si(p,p)30Si 
reaction were measured at four angles (160° , 135°, 105° 
and 90 ° ) over the proton energy range 1.1 to 3.0 MeV . 
The targets were 1-2 |jg/cm2 of 30Si enriched to 95% 
and deposited on thin carbon backings. Wi th the high 
resolution electrostatic analyzer-homogenizer system 
on the T U N L 3 M V Van de Graaff accelerator, an 
overall energy resolution of 350-450 eV was achieved. 
Approximately 60 resonances were observed and ana-
lyzed with a multi-level R-matrix formalism. Resonance 
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energies, spins, parities and proton widths were ex-
tracted for each resonance. Several analogue states 
have been tentatively identified and spectroscopic 
factors and Coulomb energies determined for these 
analogues. The importance of the present results for 
the p / 2 and p 3 / 2 strength functions wi l l be emphasized." 

e. 34S 

Processing and analysis of the 34S(p,p) data is now in progress. 
The proton spectra are analyzed to determine concentrations of 28Si (and other con-
taminants) and the appropriate background subtraction performed. The thickness of 
the Cadmium Sulfide target is a slowly varying function of time, due to boil-off of 
sulfur. The data fitting procedure has been modified to permit a slowly varying 
normalization of the off-resonance data to the Rutherford cross section. This cor-
rection is at most 5% at the ends of a fitting region. With these modifications 
quite satisfactory fits to the data are obtained. R-matrix analysis of these data to 
obtain resonance energies, spins, parities and reduced widths is nearing completion. 

f. 92MO 

A paper has been accepted for publication in Physical Review; 
" A High Resolution Study of The 1/2+ Analogue State in ^Tc " . The following is 
the abstract of that paper: 

"The * M G ( P , P ) excitation function was measured 
with high energy resolution over the 1/2+ analogue state 
at 5.3 MeV. A total of 125 individual s }/2 resonances 
were resolved and analyzed. Results of tne analysis of 
the analog state fine structure distribution are presented." 

Further studies of the fine structure of analogue states in this 
mass region are under consideration. 

2. Fine Structure of Analogue States—The Capture Reaction (G . E. Mit-
chel l , E. G . Bilpuch, K. Wel ls , J . F. Wimpey) 

a. General 

Further capture studies have been delayed while developmental 
work on both the acquisition and analysis of capture data is carried out. A modifi-
cation of the present data acquisition program for Ge(L i ) spectra incorporates gain 
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stabilization. Two pulses from a precision pulser are used to correct gains periodi-
ca l l y . 

An automatic peak location and area determination computer 
program is being developed for analysis of Ge(L i ) spectra. The basic program was 
obtained from Nyman (B. Nyman, Nuclear Instruments and Methods 108, 237 (1973)). 
At this stage of modification of the program, peak locations are found in a reliable 
manner, but difficulties still exist with the area analysis. 

Future plans are to search for higher multipole transitions in the 
58Fe(p,y) reaction. 

b. ^Ca and 6 2Ni 

A dissertation entitled "Electromagnetic Decay of Fragmented 
Analogue States in ^Sc and ^ C u " , by J . F. W i mpey has been completed. The 
following is the abstract of that dissertation: 

"Capture excitation functions were measured for 
^ C a ^ r r S c from 1.56 to 2.28 M e V and for 6 2Ni(p,y)6 3Cu 
from 2.30 to 2.70 M e V . Detailed study of the electro-
magnetic decay of 57 resonances in ^Sc and 35 reso-
nances in ^Cu was performed using an 80 cm3 Ge (L i ) 
detector. The experiments were performed with the 
T U N L 3 M V Van de Graaff accelerator and associated 
electrostatic analyzer-homogenizer system. The overall 
energy resolution of the proton beam was about 350 eV. 

For the 92 resonances studied in detai l , absolute, 
partial and total gamma-ray widths and inelastic widths 
were determined. Three fragmented analogues were 
studied in ^Sc . These states had spin and parity 3 / 2 " , 
1/2 " and 1/2+ , and were the analogues of the sixth, 
eighth, and tenth excited states of Ca , respectively. 
One analogue state was studied in ^Cu , the analogue 
of the 3 / 2 " second excited state of ^ N i . The decay 
of a number of non-analogue (or background) reso-

45 63 nances were also studied in both Sc and Cu. 

Emphasis was placed on correlations between 
partial widths in different channels. Statistically sig-
nificant correlations were measured between the elastic 
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and inelastic widths on the 1/2" analogue in ^Sc 
and the 3 / 2 " analogue in ^Cu . The correlations be-
tween elastic and total capture widths are statistically 
significant on each of the analogue states. There are 
also statistically significant correlations between the 
elastic widths and the gamma-ray widths to particular 
final states. The correlations between the elastic 
widths and gamma-ray widths of the background 1/2+ 

resonances in ^Cu and the background 1/2" resonances 
in * S c are consistent with purely statistical behavior. 

The strengths of the M l decay of the 3 / 2 " ana-
logues are as expected for this mass region. Surpris-
ingly the M l strength for the 1/2" analogue in ^Sc 
is about the same as for the 3 / 2 " analogue in the 
same nucleus. 

In addition to information concerning analogue 
states, decay of the background states yielded a num-
ber of statistical results such as the effective number 
of degrees of freedom. The combined results for both 
analogue and background states yielded several hun-
dred transitions strengths of known multipolarity. 

Inelastic spectroscopic factors were calculated 
for the 1/2" and the 1/2+ analogue states in Sc and 
the 3 / 2 " analogue state in ^Cu. These results indicate 
that the inelastic spectroscopic factors are oftem com-
parable to the elastic spectroscopic factors." 

3. High Resolution Inelastic Scattering ( G . E. M i tche l l , E. G . Bi lpuch, 
T. Dittrich, C. R. Gould) 

A program of measurements of y-ray angular distributions following 
inelastic scattering of protons from even-even targets in the mass 50 region is cur-
rently being undertaken in order to extend and check the results of earlier high 
resolution elastic scattering and capture studies. If the inelastically scattered pro-
tons are not observed, the angular distribution of the resu Iting 2+ - 0+ y-rays is 
of the form 

W(0) = J a k Pk (cos 6) 

where, for an isolated resonance of spin J , k is even and < 2 J . The coefficients 
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a|< are quadratic in the channel spin mixing ratio, X , which can be defined (in 
analogy with the y-ray multipole mixing ratio) by 

x = G/2/r3/2 - ~ < x < ~ 
Here l ^ ' S the width for emission of a proton in the inelastic channel with channel 
spin 5/2. 

A measurement of the angular distribution of the y-rays allows, in 
principle, a determination of the spin of the resonance and also a determination of 
both the sign and magnitude of X . In contrast, a measurement of the angular dis-
tribution of the outgoing inelastically scattered protons yields only a value for the 
absolute magnitude of the channel spin mixing ratio. 

A specially designed target chamber has been constructed which allows 
for Na l (T I ) detectors to be placed simultaneously at angles of 30, 45, 60 and 90° 
around a target at a distance of ~ 4 " . By careful collimation and focussing of the 
beam and extensive use of lead shielding, Y-ray backgrounds have been kept to a 
minimum. The four N a I ( T I ) spectra are stored in the DDP-224 computer and can be 
analyzed on-line to provide an immediate remote display of the angular distribution 
of the Y-rays following a run. Preliminary investigations of the performance of the 
system indicate typical run times are of the order of 10-20 minutes for p-wave 
resonances in 50Cr. A detailed search for possible 1/2 " , 3 / 2 " measurements of p-
wave resonances in ^Ca is planned. 

4. Statistical Properties of Nuc le i from Proton Resonance Reactions (E. G . 
Bi lpuch, G . E. M i tche l l , H. W . Newson, W . M . Wi lson, J . D. Moses) 

Statistical tests were applied to the sequence of 1/2 " levels in -
^ a ^ p ) from E p = 1.5 to 3.0 M e V and to the sequence of 1/2+ levels in 
48Ti(p,p) from 2.1 to 3.0 M e V . Since the theories from which the statistics are 
derived assume constant level density, the first step in the analysis was to "correct" 
for the energy dependence of the density observed in both sets of data. The proce-
dure used was the following: the cumulative number of observed levels vs. proton 
energy was f i t , in the least squares sense, to the integral of a theoretical density. 
(In the previous method reported by our group, a " loca l average spacing" was ca l-
culated from the data at intervals of 100 keV or so, and these numbers were fit to 
the theoretical average spacing <D> = P " 1 , where P is the density. The present 
technique is preferred. A new set of spacings (having constant density, i .e . , con-
stant spacing) was generated by dividing the data by the fit; that is, if p(E) is the 
functional form of the density determined in the fitting procedure, the new set of 
spacings is calculated from 

D;' = Di p(Ej) <D>, 



241. 

where D; is the measured spacing and <D> is the (arbitrary) constant average 
spacing. The data were fit to two theoretical densities: P ~ exp (-E/T), where T 
is the nuclear temperature; and exp(2 V a E ) , where a is a constant. N e w 
sets of spacings were generated from each fit and used for the statistical tests. The 
results were essentially the same for the two sets, indicating that the density un-
folding technique is not strongly dependent on the theoretical model. 

The tests included calculating the k1"'-1 nearest neighbor spacing distri-
bution (up to k = 10; where k = 0 corresponds to the Wigner distribution), the 
Dyson-Mehta A 3 statistic (which measures long range correlations between levels); 
the covariance cov(D;; D;-j-,) (which measures short range correlations between 
levels); and the Dyson F-statistic, which is sensitive to missing and spurious levels. 

The results for the calcium data indicate missing or spurious levels in 
the sequence. The spurious levels are most l ikely misassigned 3 / 2 " levels since 
the i - v a l u e of the resonance is usually wel l determined from the line shape of the 
90° differential cross section. For p-wave resonances with widths greater than 
15-20 eV the spin is usually determined unambiguously from the line shape of the 
135° differential cross section. Therefore the spurious levels in the sequence of 
1/2 " levels are most l ikely those with small widths. In the future we plan to mea-
sure the angular distribution of the gamma decay of these small resonances, thereby 
enabling us to eliminate the spurious 3 / 2 " levels in the sequence. Anomalies in 
the statistical tests for the revised sequence then would be entirely due to missing 
levels. 

The titanium data apparently has few missing or spurious levels. The 
results of the statistical tests are in agreement with G . O . E . theory: A^ X P = 0.51, 
A j h e o = 0.42; cov(D;; D ; + ] ) e x P = -0.21, cov(D;; D i + ] ) t h e o = -0.27. As reported 
previously, the nearest neighbor spacing distribution is in remarkable agreement 
with the Wigner distribution. 

5. Studies of The Gamma Decay of Excited Levels of 51Ti ( G . P. Lamaze,* 
C. R. Gould, N . R. Roberson, D. R. Til ley) 

Preparation of a paper on this subject, based on the Ph.D. dissertation 
of G . P. Lamaze, is in progress. 

* Now at Nat ional Bureau of Standards, Gaithersburg, Maryland. 
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6. Mean Lifetimes of Excited States in 38Ca (E. C . Hagen, N . R. Rober-
son, D. R. Til ley) 

The Doppler shift attenuation method (DSAM) has been used to deter-
mine the mean lifetimes of low-lying excited states of Ca. The levels were popu-
lated by the 36Ar(3He ,ny)38Ca reaction at 3He bombarding energies of 9.0, 10.0, and 
10.5 M e V . Both enriched (99.6%) and solid targets were employed. The solid tar-
get was a tantalum foil with 3<Ar imbedded 

in it. Precise energies for the first six 
levels have been determined. A doublet at 3.7 MeV was resolved as a J1T = 3 " 
state at 3.703 M e V , and a J 1 f = 2 + state at 3.684 MeV . The lifetimes determined 
in this study are 98 ± 42 fs, 30 ± 14 ps, < 8 ft, 225 ± 95 fs and 35 ± 17 ft, for 
the levels at 2.213, 3.084, 3.684, 3.703 and 4.384 M e V , respectively. The mean 
lifetime of the level at 4.193 M e V was not determined. The level scheme is com-
pared with other A = 38 nuclei and with a calculation performed with the Oak 
Ridge-Rochester shell model code. 

This work is being prepared for publication and was reported at the 
Spring meeting of the American Physical Society (Bull. Am. Phys. Soc. 19 (1974) 
571). The work comprises the Ph.D. dissertation of E. C. Hagen. The abstract 
follows: 

"The Doppler shift attenuation method (DSAM) has 
been used to measure the mean lifetimes of low-lying ex-
cited states of 38Ca. The levels were populated by the 
3 6Ar(3He ,ny )3 8Ca 

reaction at He bombarding energies of 
9.0, 10.0 and 10.5 MeV . Both enriched (99.6%) 36Ar gas 
and solid targets were used. The solid target was a tanta-
lum foil with 3 iAr embedded in it. Precise energies for 
the first six levels have been determined. A doublet at 
3.7 M e V was resolved as a J11 = 3 " state at 3.703 MeV 
and a J11 = 2+ state at 3.684 MeV. The lifetimes deter-
mined in this study are 98 ± ^ ft, 27 ± ]j ps, < 8 ft, 
225 ± ' g ft and 35 ± 17 ft for the levels at 2.213, 3.084, 
3.684, 3.703 and 4.384 MeV . The lifetime of the level at 
4.193 MeV was not determined. 

The experimental level scheme is compared with 
other A = 38 nuclei and with a calculation performed with 
the Oak Ridae-Rochester shell model code. The model used 
(sj/2)-i(d3/2) ^7/7}'(P3/l)m configurations with 1 + m < 2, 
j > 2 and k >4." 
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7. Further Study of Excited States in 39Ca and 39K (W. Kessel, R. Bass, 
E. C. Hagen, N . R. Roberson, C. R. Gould, D. R. Ti l ley) 

A paper has been submitted to Nuc lear Physics. The abstract is given 
below. 

n A 
"Excited states in Ca up to 4 M e V have been studied 

with the 3 6Ar(a,ny)3 9Ca reaction. The outgoing gamma-rays 
were measured in coincidence with either neutrons or gamma-
rays detected at 0 ° with respect to the beam axis. The exci-
tation energies for levels in 39Ca have been measured; near 
3.88 and 3.95 two doublets have been found. Mean lifetimes 
of excited states have been determined by the Doppler-shift 
attenuation method. The results are 90 ± 15 ps, 24 ± 11 ps, 
and 30 ± 20 ps for the levels at 2796 keV , 3640 keV , and 
3951 keV in 9 Ca, respectively. Upper limits on the mean 
lifetimes of several other states were determined. Wi th the 
r - r coincidence condition, the mean lifetime of the state 
at 5164 keV in K was determined to be 18 ± 5 ps. The re-
sults are compared with existing data and theoretical predic-
tions." 

8. Measurements With a Tensor-Polarized Deuteron Beam of (cl,py) Angu-
lar Correlations (C. P. Cameron, T. B. Clegg, C. R. Gould, J . D. 
Hutton, R. D. Ledford, R. O . Nelson, N . R. Roberson, D. R. T i l ley , 
J . R. Wil l iams) 

a. 33S and 35S 

This work has been completed and is being prepared for publica-
tion. A talk wi l l be given on this work at the American Physical Society Washing-
ton meeting, 22-25 April 1974. 

This work comprises the Ph.D. dissertation of J . D. Hutton. The 
abstract follows: 

"The properties of y-ray decays of low-lying levels 
in 33S and 3 % have been studied via the 3 2 ' 3 4 S (d , P y ) 3 3 ' 3 5 S 
reactions. Multipole mixing ratios have been measured 
for 7-ray transitions between bound levels with particle-
7-ray angular correlations and Method II of Litherland 
and Ferguson. This is one of the first uses of a very po-
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b. Ca 

c. 

werful polarized beam technique developed and first 
used at TUNL (68) which allows the extraction of in-
formation not previously possible with the (d,pY) re-
action. A tensor polarized deuteron beam from the 
TUNL Lamb-shift polarized ion source accelerated to 
4.72 M e V with the TUNL F N Tandem accelerator was 
used to bombard 80 pg/cm2 natural sulfur and enriched 
(90%) 34S targets prepared by evaporating sulfur onto a 
gold foil then evaporating gold on top. Four 7.6 x 7.6 cm 
NaI (T I ) scintillation detectors situated at angles between 
30° and 90° to the beam detected y-rays in coincidence 
with protons detected at 180° in a 2 mm thick annular 
surface barrier detector. Results for 33S are compared 
with previous results (5) with which they agree we l l , 
and with current shell-model theory. Mixing ratios 
have been measured for many levels in 35S as follows 
(E x : J"" : 5 ) : (1991 : 7 / 2 " : 0.042), (2348 : 3/ 2" : 0.044), 
(2718 : (3/2+): 0.065, -5.4), (2718 : (5/2+): -0.36, -7.1), 
(2935 : ( 3 / 2 ) : 0.34), (2935 : ( 5 /2 ) : 0.086), (3802 : 3 / 2 " : 
0.18, -8)." 

41/ 

This project is inactive for the present. 

49-r: 

Analysis of data observed earlier on 16 levels below 4.3 MeV 
excitation energy has indicated better statistics wi l l be required for meaningful 
interpretation. 

9. Linear Polarization Measurements in Al ( J . R. W i l l iams, C. R. Gould, 
R. O . Nelson, D. R. Ti l ley) 

Linear polarization measurements for the y-rays from the low lying 
levels of 29AI have been made with a 5-crystal N a l polarimeter (see Sec. C-8). 
The measurements were made for the y-rays in coincidence with protons in the 
2 6Mg(a ,pY )2 9AI reaction with E a = 11.26 MeV . The results indicate a J11 assign-
ment of 3/2 + for the 2.23 M e V level and are consistent only with 7/2 + or 3/2 + 

for the level at 1.76 MeV . This assignment is in agreement with recent col lect ive 
model calculations which assume 29AI to have a prolate deformation. 
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10. Angular Correlation and Lifetime Studies in ( J . R .W i l l i ams , R .O. 
Nelson, C. R. Gould, D. R. T i l ley , D. G . Rickel , N . R. Roberson) 

The 5 8Fe(4He,n)6 1Ni* reaction, at incident beam energy E = 8.0 M e V , 
has been used to populate the levels in 6 1Ni below 2.5 M e V in excitation energy. 
Gamma rays for both angular correlation and lifetime studies were observed with a 
GeL i detector in coincidence with neutrons detected at 0 ° . Particle-gamma ray 
coincidence measurements were also performed wi th the 6 0Ni (d ,p) 6 ' N i * reaction in 
order to clarify the decay scheme of the excited states in 6 1Ni . Preliminary analy-
sis yields mean lifetimes of 450 ± 220 fs, 400 ± 150 fs, and 88 ± 12 fs for the 
states at 909, 1132, and 1730 keV , respectively. Lifetimes or limits for approxi-
mately ten other levels in 6 , N i have been determined. 

11. The Decay Properties of Low Lying Levels of ^Fe (R. O . Nelson, N .R . 

Roberson, C. R. Gould, D. R. Ti l ley) 

This work has been published in Nuclear Physics A215 (1973) 541. 

12. Lifetimes of Levels in 55Co (R. O . Nelson, J . R. Wi l l iams, D. R. T i l ley , D. G . R ickel , N . R. Roberson) 

Lifetimes of levels in 55Co up to 4.8 MeV have been studied with the 
Doppler-shift attenuation method. Levels were populated wi th the 54Fe(3He,dy)55Co 
reaction with 12 MeV 3 He + + beams. Scattered particles were detected in two 
E-AE telescopes located at 0y = 90° and 130° . The approximately unshifted 
7-ray spectra with 0^ = -55° and 0y = 130° lend support for a proposed doublet' 
at 2166 k e V , and in addition, indicate a probable doublet at 2566 keV. Prelimin-
ary mean lifetime measurements include (keV, fs) : 2924(> 280), 2939(280 ± 110) , 
3303(73 ± 19), 3323(59 ± 19), 3643(470 3944(> 150), 4164(47 + 11), 
4181 (< 33), 4722(< 35) and 4749(< 61). 

13. The Polarization of 3He Particles Scattered from 27AI and 28Si (E. J . 
Ludwig, T. B. Clegg, R. L. Walter ) 

A paper describing this work has been published in Nuclear Physics 
A211 (1973) 559. 

'S. E. Caldwel l et a l . , Bull. Am. Phys. Soc. 18 (1973) 117. 
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14. The 28Si(3,g)26AI and 1 4N(3,a)1 2C Reactions at 15 MeV (W. Jacobs, 
E. J . Ludwig, T. B. Clegg) 

The angular distribution and vector analyzing power of a particles 
produced in the 14N(<d,a)12C reaction using 15 MeV vector polarized deuterons has 
been measured from 25° - 100° . Distributions of these quantities have also been 
obtained for the 28Si(<?,a)26AI reaction in the angular range from 25° - 50° . Both 
analyzing power distributions show large oscillations and have magnitudes approach-
ing 0.7. These data wi l l be used to attempt an evaluation of the probability of 
deuteron pick-up and to study the j-dependence of vector analyzing powers. 

15. Lifetimes of Levelsin 59Cu (R. O . Nelson, C . R. Gould, D. R. T i l ley , 
N . R. Roberson) 

This work has been accepted for publication in the Physical Review. 
The abstract is given below: 

"The mean lifetimes of levels in 59Cu below 3.6 MeV 
have been investigated with the Doppler-shift attenuation 
method and the ^ N i ^ H e ^ P C u reaction at 11.6 MeV. 
Scattered particles were detected in two E-AE telescopes 
at ± 55° with respect to the beam axis, in coincidence 
with y-rays observed at 90° in a 50-cm3 Ge(L i ) detector. 
New Levels were observed at 3114 and 3614 keV. Mean 
lifetimes are reported for the following levels (energy in 
keV , lifetime in f sec): 491 (830 ± 300), 914 (> 1600), 
1399 (570 ± 240), 2266 (310 ± 140), 2324 (36 ± 5), 
3043 (1150 ± 500), 3114 (20 ± 11), 3130 (10 ± 4 ) , 
3511 (< 15), 3580 (240 ± 1400) and 3615 (< 35). The 
experimental results are compared with the predictions 
of a core-particle coupling calculation." 

16. Inelastic Deuteron Scattering from 28Si and 30Si (R. A . Hi lko, R. O . 
Nelson, T. G . Dzubay, N . R. Roberson) 

28 Extensive coupled-channel analysis has been carried out. The Si 
data suggest a rotator-vibrator with P 2 = "0.46 and PQ = -0.32. The 30Si data has 
been fit with the rotational model with P 2 = 0.32. Some of these results wi l l be 
used in a Ph.D. dissertation (RAH) presently being written. 
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17. The (d,t ) and (d,3He) Reaction on 28Si and 30Si (R. A . Hi lko, R. O . 
Nelson, C. R. Gould, N . R. Roberson) 

Coupled-Channel Born Approximation (CCBA) calculations with the 
shell-mode I and deformed Woods-Saxon band mixing model amplitudes have been 
performed. B(E2) and B(M1) transition rates have been calculated to support the 
band mixing calculation and have unified the results. The 3 0Si (d,3He) and 3 0Si (d,t ) 
is currently the subject of a Ph.D. thesis (RAH). 

18. A Study of The Proton Partial Widths for The Lowest T = 3 / 2 States in 
4 lSc and Other 4n + 1 Nuc le i (T. A . Trainor, T. B. C legg, W . J . 
Thompson, E. J . Ludwig, P. G . Ikossi) 

a. 41Sc via ^Ca + p 

Work has continued on re-analyzing the experimental conclu-
sions discussed in the last report. It is clear that the isospin mixing which causes 
the non-zero proton partial width can arise because of T = 1 mixing in the ^ C 
ground state and because of T = 1 / 2 mixing in the T = 3 / 2 state of 4,Sc. Both 
types of mixing are l ikely to be present and contributing simultaneously, perhaps 
with large amplitudes which interfere destructively to obtain small proton partial 
width. In an attempt to try to determine whether one of these types of mixing 
dominates over the other, we have extracted the Z-dependence of the proton re-
duced widths y 2 for the lowest T = 3 / 2 states in A = 4n + 1 nuclei. These y 2 p 2 
values increase at least as fast as Z . This evidence alone seems to imply that 
mixing with T = 1/2 states such as the antianalog state is not important. It can-
not prove, however, that one particular type of mixing is dominant. 

b. 25AI via 24Mg + p 

The lower two T = 3 / 2 states in ^ A l have been observed 
through the isospin forbidden reactions 24Mg(p,p0) and 24Mg(p,p1 ) . Excitation func-
tion differential cross section and analyzing power data at 3 angles in 10 keV steps 
or less have been taken in the energy region between 5.6 and 6.3 MeV with a 
5 keV thick target. 

In search for the isospin forbidden resonances data were taken 
in 1 keV steps with targets <j 2 keV thick at 4 angles. 

Angular distributions were taken at energies 10 keV above and 
below each isospin forbidden resonance to establish optical model parameters. The 
analysis of these data is in progress. 
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W e intend to extend the study of the T = 3 / 2 isospin forbidden 
resonances with the reactions 32S(p/p) and ^S i (p,p) in order to establish the Z 
dependence of the resonance reduced widths. 

19. ^ P b ^ p 1 ) , ^ P b f c r d ) and 208Pb(p/1) Reactions from 16.7 to 27.3 M e V 
(E. J . Ludwig, P. Nett les, C. Bush, M. Divadeenam) 

Weak-coupling particle-vibration model is employed to describe the 
parent states in ^ ' Pb to study the inelastic decay of their analogs in 209Bi. The 

8Pb core excited states 3 " , 5^", 5 J , 2 + , 4+ , 6 + , 8 + , and 10+ are assumed to be 
one phonon states. The spreading of the single particle states into the particle-
vibration doorways in 209Pb is being calculated. The analogs of these parent states 
in 209Bi range from 18.7 to 25.7 MeV . Proton elastic and inelastic decay widths of 
the 209Bi analogs wi l l be estimated to calculate the excitation function for the 
208Pb(p,p') reaction populating the various excited states of the target states re-
ferred to above. The predictions wi l l be compared to the experimental data. 

Any possible connection between the particle-vibration model and the 
transfer reaction yields wi l l be investigated. 

20. Isobaric Analog Resonances in Ga (P. G . Ikossi, C. E. Busch, T. B. 
Clegg, E. J . Ludwig, W . J . Thompson) 

A paper describing this work has been submitted to Nuclear Physics. 

21. Study of Isospin-Dependence In (3,t) and (d , 3He) Transfer Reactions 
and Investigation of The WBP Model as Applied to Elgstic Scattering 
and (3 , t ) and (cI,3He) Reactions (S. Datta, C. E. Busch, E. J . Ludwig, 
T. B. Clegg, W . J . Thompson) 

This work, involving the bombardment of targets of I 0B, I 2C, 13C, , 4 N , IX Op OA oo 
O , S i , Si and S with 15 M e V vector-polarized deuterons and measuring vec-

tor analyzing powers for elastic scattering and the (3 , t ) and (3 , 3He) reactions, 
has been divided into three studies. 

a. Elastic Deuteron Scattering from , 0B, I 2C, 13C, , 4 N and , 6 0 

A paper describing this work has been accepted for publication 
in Nuclear Physics. 
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b. (d , t ) and (3 , 3 He) React ions in Ip Shell Nuc le i 

A paper describing this work is ready to be submitted to Nuclear 
Physics. 

c. Comparison of Vector Analyzing-Power Distributions for (d,d) 
Scattering and (d,t) or (d, He) Reactions for S. = 0 Transfers 

A paper describing this work has been published in Physical Re-
v iew Letters 3T_ (1973) 949. 

22. Compound Nuclear Scattering Studies with Polarized Deuterons Inci-
dent on 4n Nuc le i (R. J . Eastgate, R. F. Haglund, J r . , W . J . Thomp- N 

son, T. B. Clegg, R. Henneck) 

a. Thick Target Studies 

Further studies of 2sS\0 fd/
8S\ using a thick natural-si I icon 

wafer (5.9 mg/cm2) target have been carried out over an angular range of 110° -
165° at three contiguous energies to give an effective averaging interval of 
~ 1.3 M e V centered at 7.0 M e V (Lab). Composite energy-averaged angular distri-
butions of T20, T2J, T22, iT,j and da/dQ have now been obtained over the above 
angular range. The corresponding ( a ,d ] ) and (cf,po) data have been taken where 
feasible. Forward hemisphere angular distributions wi l l be taken with thinner tar-
gets so that a thorough optical model plus modified Hauser-Feshbach analysis may 
be done. Preliminary optical model calculations are encouraging. 

b. Thin Target Studies 

Beams of ~ 40nA of vector-polarized deuterons and ~ 20 keV Jn 1 

thick targets of Si have been used to measure the cross-section and vector-analy-
zing power for 28Si+d scattering. Data have been collected in 20 keV steps at 
GLab = 1 3 0 ° f o r E d = 7 ' 5 ~ 1 0-4 M e V a n d a f eLab = 1 5 0 ° f o r E d = 6 - ° ~ 1 0-4 
M e V for elastical ly scattered deuterons and the first inelastic group. The ground 
state and six excited-state proton groups resulting from 28Si(d,p) reactions were ob-
served. Strong Ericson-type fluctuations are present in the data for both cross-
section and vector analyzing power. A new method of testing the Random Phase 
Approximation for compound nucleus amplitudes was developed for the fluctuations 
in the vector analyzing power of a l l exit channels. In addition an Ericson Fluctua-
tion Analysis is being applied to the cross-section fluctuations. Both ways of an-
alysis wi l l give statistical information about the reaction mechanism and wi l l be 
used to test the Random Phase Approximation for compound nucleus amplitudes. 
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An abstract has been submitted to the American Physical Society 
Washington meeting (April 22-25, 1974). 

23. Cross^Section and Polarization Studies for 13C(3He,3He)13C Elastic 
Scattering (T. C. Rhea, R. L. Wa l te r , E. J . Ludwig) 

The lack of agreement (discussed in the last report) between optical 
model predictions and the P (0) and or(6) data may be associated with the large in-
elastic scattering cross section to low lying states and tests of the polarization sen-
sitivity to such are being looked into by way of existing coupled-channel codes. 

24. The Tensor Analyzing Power AZ2 . at 6 = 0 ° for the 3 He (d ,p ) 4 He Reac-
tion (T. A . Trainor, P. W . Lisowski, T. B. Clegg) 

A paper describing this work has been accepted for publication in 
Nuclear Physics. 

25. Angular Correlation, Linear Polarization, and Lifetime Measurements 
for Excited States in * V (D. Rickel , R. O . Nelson, J . R. Wi l l iams, 
D. R. T i l l ey , N . R. Roberson) 

In the last report we described work which was underway for measuring 
lifetimes and y-ray angular distributions of the low-lying levels in 5 \ . These 
measurements have now been completed and the data analyzed. In addition to 
these data, linear polarization measurements of the y-ray emissions from 50V were 
also obtained. These latter measurements util ized the laboratory's two-Ge(Li)-crys-
tal symmetric Compton polarimeter. As a result of the above work, spin and parity 
assignments for all 50V levels from 836 keV to 1560 keV have been made plus the 
lifetime measurements of these levels. 

A manuscript is now being prepared for submission to Nuclear Physics 
reporting this work. The table below summarizes our results: 

Level J * Lifetime (fs) 

836 5 + 110 ± 4 0 
910 4 + 110± 12 

1301 2+ 60 ± 10 
1331 1+ 24 ± 8 
1400 3 + No observed shift 
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Section B. 25 table continued 

Level J11 Lifetime (fs) 

1493 1+ 74 ± 10 
1517 2+ 270 ± 5 0 
1560 2+ T > 550 
1677 (2)+ T > 500 

26. Linear Polarization Studies of y-ray Decays from 6 1Ni (D. G . Rickel, 
J . R. Wil l iams, C. R. Gould, D. R. T i l ley, N . R. Roberson) 

Studies of the y-ray decay properties of 61Ni have been underway for 
about a year at this laboratory (see B—10 above). One problem encountered is that 
the y-ray angular correlation measurements do not lead to unique spin assignments 
for any of the levels studied. In many instances it is felt that unique assignments 
can be made knowing the linear polarization of y-ray emissions from these levels. 
For this reason we have measured the linear polarization and y-ray angular distri-
butions in singles via the (a,n) reaction for ^ i levels up to 2122 keV. Partial 
analysisof these data shows that we have good substate alignment resulting in strong 
angular correlations for most levels. As of yet the linear polarization data have not 
been analyzed. It is hoped that when analysis is complete unique spin and parity 
assignments can be made to the 8 levels below 2200 keV which are either unassigned 
or have tentative assignments. 

27. The GDR of 15N from 1 4Cfc,p)1 4C Measurements (H. R. We l l e r , D. G . 
Rickel, N . R. Roberson, D. R. Til ley) 

W e have measured the elastic proton polarization for the ' 4 C(p ,p ) 1 4 C 
reaction in an attempt to see if effects of the giant dipole resonance can be de-
tected in such data. Data were taken at sixteen angles and fourteen energies in 
the range of E p = 7.5 to 13.25 MeV. This region covers the giant dipole resonance 
region (GDR) of 15N. A preliminary optical model analysis of these data (combined 
with cross section data) indicates that V s o varies over this energy region in a man-
ner which suggests that the effect is due to the GDR. When the equivalent phase 
shifts are calculated from these optical potentials, it appears as though the 
partial wave shows resonance behavior in this region. This would be consistent 
with the fact that the GDR at 10 - 11 MeV is J11 = 3/2+ . A detailed analysis in 
terms of background phase shifts plus resonances is being performed. It is hoped 
that this technique wi l l provide another means for studying the GDR phenomenon. 
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28. X-Rgy Studies (A. B. Baskin,* G . A . Bissinger,** C. E. Busch,4" P. H. 
Ne t t l es , + J . T. Mgy , A . W . Wgltner, S. M . Shgfroth, B. Doyle, R. 
Wh i te , D. Sircor, K . H i l l , J . W . Cooper** R. S. Deslottes,"^ W . W . 
Jgcobs) 

o. Ag K gnd L gnd Au L x-rgys Produced by 12-50 M e V , 6 0 Bom-
bgrdment 

The mgnuscript for this poper is now complete ond gs-soon gs the 
figures ore drawn it wi l l be submitted for publicotion, probobly to Phys. Rev. A . 

b. High Resolution Study of Ag L x-roys Produced by 0.5 - 3.5 M e V 
Proton, 1 8 - 2 4 M e V 1 60 Ion Bombordment gnd Photon Excitotion 

This work hos been extended to include He*4", L i+ + + ond C 5 + 

projectiles of energies from 0.5 to 5 M e V / A M U . W e hove also done measurements 
for protons with a semi thick target ($.8 mg/cm2) in order to check the effect of tar-
get thickness on the spectra and to check the thick target correction program. M 
hole production probabilities per electron, Pm, were deduced. They are in rough 
agreement with Pm ~ Z 2 where Z is the projectile nuclear charge. For He*"1" pro-
jecti les Pm varies from 0.2 = 0.1 when Ea varies from 1 2 - 2 1 MeV . 

c . Bi and Po K x-rays Arising from Proton Bombardment of Bi 
Ep = 3 - 1 3 M e V 

Mr. D. Sircar has been preparing a manuscript for publication on 
this work. Absolute K x-ray cross sections have been extracted. They agree wel l 
with relativistic BEA and are about 5 X the value given by PWBA theory. The cross 
sections for production of Po K x-rays are about a factor of 10 less than for Bi K 
x-rays above Ep = 12 M e V . W e are attempting to estimate the amount of zero im-
pact parameter coulomb excitation vs. nuclear K electron ejection excitation due 
to processes like internal conversion etc. The harmonic oscillator model of Mr. K . 
Hil l w i l l be used for this work. Should this be successful we would have a new 
method of predicting [a (p,n) + a (p,2n) + a (p,y)L 

* Present Address: University of Ill inois 
* * Present Address: East Carolina University 
+ Present Address: Scienti f ic Atlanta 
"H" National Bureau of Standards, Washington, D. C. 
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The ratios, «0<P l + KP3> = V m m + fmn 
cr0<p2) f u U f U i 

0 K 2 ) _ rLlI 

and a (K a i ) _ f L j j j 

r(KP2) r N n / I I I 
were obtained as a function of Ep and compared with theoretical calculations of 
Scof ie ld. Rough agreement was found but an interesting effect was observed. Spe-
c i f ica l ly the effect was that these ratios depended on bombarding energy and that 
transitions from weakly bound levels such as N i l , I I I became relatively stronger as 
Ep increased. This is probably due to the fact that simultaneous KL vacancy pro-
ductions increase by E p faster than simultaneous K N vacancy production, and so 
the effect is attributed to a reduction in K Q 1 radiation relative to Kp2 radiation as 
Ep increases. The reduction is due to missing L shell electrons then. An attempt 
to fit the data qualitat ively using harmonic oscillator were functions and zero im-
pact parameter calculations of K . Hil l is underway. 

d. U and Np K x-ray Production Arising from 2 - 1 5 M e V Proton 
Bombardment of U 

Professor A . Waltner is preparing this work for publication. He 
has extracted absolute K , L and M cross sections over the entire energy range. 
Also at Ep = 15 M e V the Np K x-ray cross section can be obtained from the data. 
It is hoped that this aspect of the work can be analyzed using Mr. K . Hil l 's method 
so that [a (p,n) + a (p,2n) + a (p,y)] can be determined. Ratios of cross sections 
for the L x-rays have permitted the extraction of primary vacancy distribution in-
formation which can be directly compared with PWBA , BEA, SCA calculations. 
The M x-ray spectrum has considerable structure also but little thought has yet been 
given to its significance. The most intense line seen when a KeVex Si (L i ) detector 
is used is M a f p . 

The semiconductor detector data should be understandable in the 
light of a Bragg Spectrometer M x-ray spectrum taken at E x = 3 M e V on a thick U 
target. M x-rays excited by 5.95 keV x-rays from an 55Fe source have provided 
comparison spectra where the M holes are not dependent of f i l l ing of deeper holes 
(K + L) as in the proton data. 
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e. Au K x-rays Excited by Protons (2-14 MeV ) and I 6 O n + Ions 
(18-42 MeV ) 

N o further work has been done since the last report. 

f. L and M x-rays of Bi and U Arising from 0.5 - 15 M e V and 
2 - 1 5 M e V Proton Bombardment of Bi and U 

No progress has been made since the last report on Bi. The U L 
x-rays are discussed in "d " above. 

g. Pb L and M x-rays 

A paper entitled "Pb and Bi L-Subshell Ionization Cross Section 
Ratios Versus Proton Bombarding Energy from 0.5 to 4 M e V " has been published in 
Phys. Rev. A9 , 675 (1974). 

h. High Resolution Study of Z r L x-rays Excited by Photons, p, 
He + + , L i + + + , O n + Ion Beams 

The Z r spectra have been fit with binomial distributions for p, 
He and Li projectile excitation. In the case of proton excitation the LQ peak and 
the two satellite peaks (approximated by Gaussians) are distinguishable. After ex-
tracting areas for these peaks the data are fit to a binomial distribution of the form 
0 Pm " Pm)'8 "n- I n t h e c a s e o f H e + + excitation the diagram line and 3 satel-
lites are distinguishable. Further a range of bombarding energies from 4 to 12 M e V 
in 2 M e V steps was taken and the values of P m decrease linearly with increasing 
projecti le energy with a slope 

A P 2.2 x I P " 3 

X E M e V 

Also in the case of Li1 11 projectiles the diagram line (L a ) and 
three satellites were analyzed. A plot of P m vs Z2 (projecti le) at the same velocity 
for the three projectiles increases linearly with a slope 

r£z= 5.9X10-3 A Z 
The oxygen on Z r data has the problem that the Lp' peak interferes with the LQ 

satellites so no analysis has been done yet. However it seems that the diagram line 
is too strong to fit a binomial distribution pattern—a fact which we have been 
puzzling over. L x-ray spectra have been taken for 27 and/or 32 M e V O n + on Sr , 
Y , In, Sn and Mo to study the diagram line to satellite ratio. Ta M Q / p x-rays 
were excited with 33 M e V O n + . 
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i. High Resolution Study of Z r L x-rays Arising from p, a , 7 L i n + , 
, 6 O n + Ion Bombardment And Photon Irradiation 

A short paper entitled "Energy Shifts vs. Projecti le Z for Ti K a 
X-rays And Sate l l i tes*" by D. H. Madison, K . W . H i l l , B. L. Doyle and S. M . 
Shafroth has been submitted for publication to Physics Letters. The abstract follows: 

" A high resolution study of Ti Ka x-ray spectra vs. 
projecti le Z has been performed. Energy shifts and width 
changes were observed in both the diagram and satellite 
lines. These effects are explained as multiple ionization 
of the M shell." 

A paper, being prepared for publication by Mr. K. W . H i l l , 
which documents this work in more detail and includes a comparison of theory and 
experiment for the ratios of various satell ite peaks to total K x-ray y ie ld , is near-
ing completion. The harmonic oscillator wave function, semi classical, zero im-
pact parameter calculations of Mr. K . Hil l are capable of describing the trend of 
these ratios with projecti le energy better than any other calculations we know of. 
Mr. B. Doyle has done fits of the Ti K a x-ray spectra to binomial distribution func-
tions and extracted P|_ for each spectrum. These increase linearly with Z 2 (projec-
ti le) (at the same velocity) and decrease linearly with increasing projecti le energy. 
S ince the last report we have excited the Ti K a x-rays with C n + ions of 21, 27, 
36, 39.3 and 45 M e V and Li3 + ions of 10.5, 16.4, 21 and 27.75 MeV . 

j . Development Progress 

In order to obtain improved data with the NBS Flat Crystal X-
Ray Spectrometer, Mr. B. Doyle wrote a data-taking program for the T U N L DDP-
224 on-line computer. This program uses the memory of the DDP-224 and an A D C 
to store proportional counter spectra and sum the counts in the peak of interest. 
The x-ray spectrum (counts vs. sin 0) is stored and displayed-as the spectrum is ac-
quired. Control of the stepping motor is still done using the NBS system. However, 
this system is about to be returned. W e are in the process of duplicating the x-ray 
tube and have ordered an ARL curved crystal spectrometer so that high resolution 
work can continue. The ARL spectrometer w i l l be computer controlled. 

29. Tests of The Suitabil ity of a 3 M e V Proton Beam for Trace Element 
Studies (R. L. Wa l te r , R. D. W i l l i s , W . Gutknecht, J . M . Joyce ) 

A review paper on our preliminary studies wi l l appear in the June issue 
of Analyt ical Chemistry. The spectrum fitting code TRACE written for our off-line 
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computer and which requires some interactive input is nearly completed. In its cur-
rent status, spectrum analysis for about 18 elements is achieved in about 80 seconds. 
A report on the versatil ity and suitability of this code for x-ray spectral analysis 
wi l l be submitted for publication when the last modifications are included. A brief 
report on our enzyme studies appeared in Analyt ical Biochemistry 57 (1974) 618. A 
more complete description of the analysis of ion-exchange membranes appeared in 
Analyt ica l Chemistry in March, 1974. The final report for the EPA contract wi l l be 
postponed so that a thorough evaluation of the sensitivities for elemental analysis 
in environmental specimens can be supplied. Also included wi l l be a review of the 
merits of using this method for analyses compared to other techniques. 

30. 6Li (p,3He)4He Reaction from 3 to 12 M e V (C. R. Gould, J . R. Boyce, 
J . R. Wil l iams) 

The experimental phase of this work has been completed and the results 
are being prepared for publication. Our data for this reaction indicate the total 
cross section to be monoatomically decreasing from ~ 150 mb at 3 MeV down to 
~ 40 mb at 12 M e V with l itt le indication of resonance structure. These results 
agree wel l with those of Hooton and Ivanovich1 at 3 MeV and support their conten-
tion that the cross section in this region is much higher than had previously been 
supposed. Additional measurements of proton elastic and inelastic scattering from 
6Li made in the region 4 to 8 M e V imply cross sections for these reactions are also 
higher than earlier results.2 This work was reported at the Chicago meeting of the 
American Physical Society. Investigations are planned for other absolute cross 
section measurements of interest to thermonuclear reactor studies, in particular 
those involving light mass nuclei. 

C. D E V E L O P M E N T 

1. Accelerator Improvements (F. O . Purser, J . R. Boyce, H. W . Newson, 
E. G . Bilpuch, R. L. Rummel, M . T. Smith, D. E. Epperson) 

a. Tandem Accelerator 

The chopper-buncher system for the production of pulsed beams 
is now in routine operation. Deuteron burst lengths less than 1.5 nanoseconds with 
beam currents in excess of 2.0 pA have been util ized in target room 5. Protons, 

1 B. W . Hooton and M . Ivanovich, AERE Harwell Report, AERE-PR/NP 18 (1972). 
2 W . D. Harrison, Nuc l . Phys. A92, 253 (1967). 



257. 

a 
deuterons and He can be bunched with the present system. A new buncher cylinder 
with a sufficiently large aperture to permit pulsed beam operation with the polar-
ized source output is under construction. 

A slight modification of the extraction aperture of the direct ex-
traction source now permits dc operation with beams in the order of 50 pA of deu-
terons and 60 pA of protons with little apparent loss in emittance properties. 

b. Injector Cyclotron 

The injector cyclotron has been placed back in operation follow-
ing repairs. Circulating beam currents and extracted beams are virtually unchanged 
from their former values. The magnetic extraction channel now has the capability 
of being remotely positioned thus adding a slight degree of f lexibil ity which fac i l i-
tates extraction with primary magnetic field settings optimized for high resolution 
operation. 

2. Pulsed Beams (F. O . Purser, H. W . Newson, N . R. Roberson, T. B. 
Clegg, D. W . Glasgow, D. E. Epperson, J . R. Boyce, J . Clement, 
G . M a c k , * K . Set lzer** ) 

a. Mass Identification of Charged Particles by Time-of-Flight 

This program has been inactive for this report period. 

b. Neutron Time-of-Flight System 

The main neutron time-of-flight system is now in routine opera-
tion. Pulsed deuteron beams of over 2.0 pA with burst lengths less than 1.5 ns are 
produced in the neutron target room. A l l electronics and equipment are working 
satisfactorily. 

A second elevated track has been installed to support a massive 
gamma ray shield which can be used in (n,Y) cross section measurements or (n,y ) 
correlations. The main shield and radial carriage are designed to fit either on its 
own angular carriage, with angular range from -30° to +150° , or to be installed 
on the angular carriage of the main neutron collimator. The copper, tungsten, and 
lead Y-ray shield is designed for use with either Ge(L i ) detectors or with a 5" x 5" 

* Senior research scientist visiting from Heidelberg, Germany. 
* *Sen io r research scientist visiting from Frankfurt, Germany. 
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Nal (T I ) crystal. When installed in front of the main neutron collimator the shield 
is designed to act as a second double Langsdorf cone collimator for the neutron de-
tector. The added shielding should prove most beneficial for neutron measurements 
at higher energies. Design and shop drawings have been completed. Fabrication 
w i l l begin in our machine shop around the first of Apri l . 

3. Polarized Source Operation (T. B. Clegg, P. W . Lisowski, R. Henneck, 
W . W . Jacobs) 

The polarized source has continued to be used extensively for experi-
ments since the last report—usually for an average of 10 - 15 days/month. Ac-
celerated beams are down somewhat from those last reported and are typical ly 80 -
120 pA for both protons and deuterons. The operation of the source has been ac-
complished with a minimum of maintenance—usually several hours work before each 
accelerator run of 4 - 8 days. No major modifications in the ion source have been 
made since the last report. 

4. Hardware and Software for Tensor Polarization Experiments (R. F. Hag-
lund, J r . , R. J . Eastgate, T. B. Clegg) 

The automatic chamber rotation system is being rebuilt as a result of 
two problems which arose after bench-testing: repeated failures of the optical 
limit switches, and false-switching due to transients associated with switching the 
gear-motor from forward to reverse. The new circuitry w i l l , it is hoped, solve 
both problems, by replacing the optical limit switches with microswitches and iso-
lating the logic system from the motor control circuit to a greater degree than be-
fore. 

The data-taking program DMASS for the 16K upper memory of the 
DDP-224 p-computer has been modified to do particle identification for four par-
t ic le telescopes, with two particle types identified in each telescope. This con-
trasts with the three particle groups for two telescopes avai lable in the previous 
version. The quench ratio calculation has been changed to allow for the storage 
of quench ratios throughout a sequence of measurements—thus giving a more ac-
curate determination of the average beam polarization. This is particularly impor-
tant for tensor polarization measurements, where a single point may require several 
"sub-measurements" extending over an hour and a half or more. The program also 
can now handle a variety of schemes for measurement of tensor polarization. 
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5. Beam Accelerator Optics for The Low-Energy End of The Tandem Ac-
c e l e r a t o r ( T . B. Clegg, E. Edney) 

The new einzel lens installed in the low energy beam handling system 
for the tandem accelerator prior to the last progress report has been shown to y ie ld 
significantly improved beam transmission through the accelerator at a l l terminal 
voltages above ~ 3 M V . It is now possible to obtain polarized beam transmissions 
higher than 60% from the low-energy to high-energy ends of the tandem accelera-
tor with the best transmission of ~ 85% coming for a terminal voltage of approxi-
mately 3.5 M V . There is an average improvement of ~ 20% in the transmission 
area performance before this einzel lens was installed. 

6. High Resolution on The Tandem Accelerator (E. G . Bilpuch, F. O . 
Purser, J . D. Moses, H. W . Newson, G . E. M i tche l l , D. A . Outlaw) 

High resolution measurements on the tandem have been greatly im-
proved with the addition of the direct extraction source. A paper describing these 
improved results has been published: Nuc lear Instruments and Methods 113, 603 
(1974). 

D. THEORY 

1. 9Be(p,pn) and 9Be(p,p2)9Be and The Structure of 9Be (H. J . Votava , 

W . J . Thompson*) 

Inact ive. 

2. Excited-State-Threshold Resonance Effects in 9Be(p,pp)9Be and 

^Be(p,n)yB (H. J . Votava , W . J . Thompson) 

Inactive. 

3. Proton Opt ica l-Model Potential Near The Coulomb Barrier ( J . S. Eck ([Kansas State University)), W . J . Thompson) 
Inactive. 

* W . J . Thompson is visiting for the year at Kansas State University. 
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4. Compound Elastic Scattering and Tensor Polarizations (R. J . Eastgate 

W . J . Thompson) 

Inactive. 

5. Comparison of (d,t) or (d,3He) Vector Analyzing Powers with Those 

for (d,d) (S. K . Datta, W . J . Thompson) ~ 

Inactive. 

6. Reaction Mechanism Studies In 2 4 Mg(a ,a ' y ) 2 4 Mg (G . S. M c N e i l l y , W . I . van Rt j , N . P. Heydenberg ([Florida State University)), W . J . 

Thompson) 

Inactive. 

7. Cluster Effects In Elastic a Scattering Using a N e w a - a Interaction 

(W . J . Thompson) 

Inactive. 

8. Shell Model Calculations In The A = 55 - 65 Region (R. J . Eastgate, S. Maripuu) 
Energy spectra have been calculated for N i and Cu isotopes with a 

"real ist ic" two-body force derived from the Sussex interaction and with the single-
particle binding energies taken from the 5 7Ni experimental spectrum. The valence 
nucleons are assumed to be in P3/2/ f5//2 a n c ' P1/2 o^ i ts with 5 6Ni regarded as a 
closed core. Another calculation which allows excitations of up to two particles 
from the f7/2~shell has also been performed. The single particle energies are as 
above and the two-body interaction is "real ist ic" and renormalized for the case of 
^Ca as a core. The aim of this study is to compare excitation energies and transi-
tion strengths and in this way to find the importance of excitations from the f7/2 

shell for nuclei with a few nucleons outside 5 6 Ni . 
A paper with the above tit le has been submitted to the Washington 

meeting: Bull. Am. Phys. Soc. 19, 527 (1974). 
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9. Structure of 38Ca (and 38Ar) (E. C. Hag en, S. Maripuu) 

Recent experimental results' on excitation energies and lifetimes of 
38Ca have inspired this shell model study of the T = 1 levels for A = 38. An inert 
28Si core is assumed with the valence nucleons distributed among (a) Sj/2 a n d d3/2 

shells and (b) up to two nucleons excited into the f7/2 and p3/2 shells. The modi-
fied surface-delta interaction (MSDI) has been used as the two-body force. The 
observables and the results of the two calculations are displayed in Fig. 1. The 
agreement between experiment and theory is found to be good. It is noteworthy 
that the first excited 0 + state can only be explained with the extended configura-
tion space calculation. It is indeed found that more than 90% of its components 
are (fp)2 excitations. The calculation B(M1) and B(E2) values is in progress. 

o*-
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5"-
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theory 1 exp theory 2 
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E. C. Hagen, Ph.D. dissertation. 



262. 

10. Shell Model Study of Z r Isotopes ( G . Grube, S. Maripuu) 

The neutron spectra of Z r isotopes with mass numbers 92 to 96 are 
studied assuming an inert Zr90 core and the valence neutrons distributed among the 
^5/2 ' 3 s l/2 a n c ' ^3/2 shells. I n order to study the importance of proton excitations 
another calculation wi l l be performed with Sr 8 as inert core. The two-body forces 
used are of the modified surface delta and Gaussian type. 

11. Proton 2p—1 h and Particle-Vibration Doorways (M. Divadeenam, W . P. 
Beres, A . Lev , H. R. We l l e r , E. G . Bilpuch, H. W . Newson, K . Rama-
vataram) 

40+p; Calculations are in progress. 

^Pb+p ; The latter model has been applied to the ^Pb-plus-proton 
case to calculate the spreading widths. The abstract of a paper' which appeared 
in Physics Letters follows: 

"The nuclear spreading width of the 2g9/2 antianalog 
state in 209Bi is calculated within the particle-vibration inter-
mediate structure scheme. The width is several MeV only in 
three distinct energy regions. The distribution of the 2g9/2 

strength is also studied." 

An attempt is being made to calculate the inelastic proton yields to 
various excited states of the target 208Pb (see Section A-14). 

r\Q 
Si+p: No progress has been made since the last report. 

'4C+p: The compound nucleus ' 5 N has been considered to predict 2p-lh 
doorway energies for J u = l / 2 + , 3 / 2 + , 5/2 + , 1/2" and 3 / 2 " . Elastic proton es-
cape wi dths for l / 2 + , 3/2+ and 5/2+ analogs and for 1/2~ and 3/2~ resonances 
are calculated. Preliminary results were presented2 al 
American Physical Society Nuclear Division meeting. 

A paper entitled "The 2p-lh Structure of ' 5 N from '4C(p,p) '4C cross 
Section and Polarization Measurements" has been submitted to Physical Review. The 
abstract follows. 

' A . Lev , W .P . Beres and M. Divadeenam, Phys. Letters 47B, 405 (1974). 
2 M . Divadeenam and H. R. We l l e r , Bull. Am. Phys. Soc. 18, 1392 (1973). 
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"The cross-section for the , 4C(p,p)1 4C reaction has 
been measured for proton energies from 4 to 11.5 M e V . 
The elastic proton polarization has been measured for pro-
ton energies from 3.2 to 5.7 M e V . The region between 3.2 
and 7.5 M e V has been fitted using complex background 
phase shifts and 13 resonances. The data suggest several 
new candidates for T = 3 / 2 states in , 5 N. A 2p-lh door-
way state calculation shows reasonable agreement with most 
of the experimental results." 

12. A Core-Plus-Particle Model and Shell Model Investigation of N i Iso-
topes (M. Divadeenam, C. R. Gould and K . Ramavataram) 

N o progress has been made since the last report. 

13. Self-Consistent K-Matr ix Model Calculation for Finite And Super 
Heavy Nuc le i (R. Y . Cusson, H. W . Meldner CU.C.S.D.)) , M. S. 
Weiss ([Livermore)), H. P. Trivedi) 

A paper describing this work has been submitted to Nuclear Physics. 
The abstract follows: 

"The Brueckner-Hartree Fock Theory is used to obtain 
an expression for the (reaction) K-matrix in nuclear matter as 
a sum of separable terms. A two-term model consisting of a 
zero-range repulsive and density dependent form plus a finite 
range non-renormalized part is used in an averaged local-
density approximation for finite nuclei. Realistic values for 
the nuclear matter parameters lead to realistic values for the 
binding energies radii and single-particle properties of finite 
nuclei. An extrapolation to super heavy nuclei is presented 
and a discussion of fission properties in this model is given." 

14. Computer Codes for High Accuracy Single Particle States (R. Y . 
Cusson, E. G . Bilpuch, H. P. Trivedi, D. Kolb) 

A Ph.D. dissertation has been completed by H. P. Trivedi: "Brueckner-
Hartree-Fock Calculations in Two Nuclear Models for Closed Shell And Superheavy 
(A= 298, Z= 114) Nuc le i Using Effective K-Mat r ix " . The abstract follows: 

" W e motivate from the Brueckner K-matrix formalism a 
method for introducing a realistic effective single particle 
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hamiltonian in nuclear matter. A transition to finite nuclei 
is then made using a modified energy density functional 
method. Various finite nuclei corrections are then introduced, 
justified, and their effects discussed. Brueckner-Hartree-Fock 
calculations for several closed shell nuclei are performed and 
their binding energies, radii , density distributions and single 
particle spectra determined with two models. Wh i l e both mo-
dels are found to account for the properties of the nuclei under 
investigation satisfactorily, model I I seems to give better re-
sults than model I in just about every respect. Model I is 
simpler and it is based on Meldner's work while model I I is 
more complex and is derived from Bethe's arguments. Model 
I I reproduces the observed level density near the Fermi sur-
face in finite nuclei significantly better than model I and also 
al l other self-consistent calculations to date. 

Calculations for the superheavy nucleus (A= 298, 
Z= 114) are also performed with both models and compared 
with predictions of other authors. Brueckner rearrangement 
energies and the resulting distinction between the self-consis-
tent single particle energy and the removal (for separation) 
energy as well as the ambiguities in the definition of the 
latter are discussed. 

The method used for solving the resulting nonlocal den-
sity dependent Schrodinger equation is described in detai l . " 

15. Single-Particle Wavefunctions and Energies for Stripping and Pickup 
Reactions (R. Y . Cusson, G . R. Satchler ( [ORNL)), H. P. Trivedi) 

The reported sensitivity of one-particle transfer reactions to the pre-
cise value of the sp energy has been taken into account for realistic shell-model 
sp potential codes by allowing small adjustments (< 1%) in the nuclear force para-
meters. These small changes affect only the exponential tail at large distance and 
maintain the structure near the nuclear surface. The equivalent local potential is 
being constructed and recoil corrections are being performed. 

16. Realistic Single Particle Hamiltonian for Fission Calculation (D. Kolb 
R. Y . Cusson, M . Harvey ([Chalk River)) 

A paper has appeared in Nuclear Physics A215 (1973) 1. 
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17. Asymmetric Fission of m U in A Realistic K-Matr ix Model (R. Y . 
Cusson, D. Ko lb , H. W . Schmitt ( [ORNL)) 

A paper has been submitted to Physical Review. The abstract follows: 

"The phenomenological single-particle Hamiltonian of 
Meldner is rederived as a renormalized single-particle K -
matrix and is used to calculate the properties of ^ U on the 
fission path from the ground state to scission into asymmetric 
fragments. Substantial radial density fluctions or "bubble con-
figurations" are observed as wel l as a displacement of the neu-
tron center of mass relative to that of the protons. It is also 
found that the presence of a broad third minimum and saddle 
near scission can be observed for one of the parameter sets of 
the interaction. These parameters of our deformation and 
atomic number independent model were obtained by fitting 
to the experimental properties of ' 6 0 , ^ C a , ^ C a , and Pb 
and nuclear matter. The present results are used to illustrate 
the essential importance of using a non-orthogonal two-
oscillator basis as wel l as taking into account the properties 
of nuclear matter." 

18. Coriolis Anti-Stretching in Z 0 Ne and a Widths (H. C . Lee and R. Y . 
Cusson) 

Inactive. 

19. Applications of Group Theory to Rotational Vibrational Bands on 
Nuc le i (R. Y . Cusson, L. C. Biedenharn, O . L. Weaver ([Kansas State 
University)) 

In a recent study we used the group T5 © SU(2) to describe rotational 
bands in nuclei (Annals of Physics 77 (1973) 250) and we suggested to use the 
group CM(3) = T6 @ SL (3,R) to include vibrational excitations. This work has 
been carried out and a class of rotational-vibrational bands has been discovered. 
Each rotational-vibrational band is characterized by a fixed quantized vorticity , 
v . The v = 0 bands are the well-known SO(5) Bohr-Hottelsen bands. The new 
v O bands play the role of particle-rotational couplings, without the need to 
introduce explicit ly the degrees of freedom of the decoupled particles. Appl ica-
tions to back bending roational bands are envisaged. A paper on those results is 
being written. 
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20. Do Protons and Neutrons Have Internal Rotational Vibrational Excita-
tions? (S. Brown, R. Y . Cusson) 

One model of a relativistical ly covarianfr nucleus with rotator-like 
internal degrees of freedom consists in assuming that the ten Porncare generators 
are realized on some internal space. A paper entitled " A Solvable Model of In-
ternal Interactions Having Positive Energy" has been submitted to Nuovo Cimento 
on this question. The abstract follows. 

" W e present a model of a particle of mass m having some 
internal structure. Introducing an internal interaction, we find 
that the mass splits covariantly according to 

-p 2 = [±m + a(25 + 1 dfc ^ s T r ^ 2 

where a , a real number, is the interaction strength and S is the 
total spin of the particle. W e also find certain values of a for 
which only positive energy solutions exist. For spin 1/2 par-
ticles the g-factor is 2 only in the presence of the aforementioned 
interaction." 



267. 

U. S. ARMY ABERDEEN RESEARCH AND DEVELOPMENT CENTER 
Radiation Laboratory 

A. NEUTRONS PHYSICS 

1. Small-Angle Elastic Scattering Cross Sections for Pb (W. Bucher, 
C.E. Hollandsworth, and J. Youngblood) 

The absolute cross section for the small-angle scattering of 
neutrons from Pb has been measured to an accuracy of 3 percent over the 
7-14 MeV energy range. The results are shown in Table I . The last 
column is a least squares representation of the data by the function 
f(E,0) = exp[A(E)+B(E)6+C(E)e2], where B and C are quadratic in E. 

2. Small-Angle Scattering from Be, C, Al, Fe, Cu, Ni, Sn, W, Bi, 
and U (W. Bucher, C.E. Hollandsworth, and J. Youngblood) 

Measurements have been made of the small-angle scattering of 
7.55, 11.0, and 14.0 MeV neutrons from Be, C, Al, Fe, Cu, Ni, Sn, W, 
Bi, and U. The data are currently being processed. 

B. SINGLE PARTICLE PROTON STATES POPULATED WITH THE (d,n) REACTION 
(J. Horton, C.E. Hollandsworth, and W. Bucher) 

The (d,n) reaction has been used to populate single particle 
proton states in various Y, N, and Al isotopes. Angular distributions 
of the reaction neutrons have been measured from 10°-55° in 5° steps 
at a beam energy of 12 MeV. Spectroscopic factors will be determined 
using distorted wave Born approximation techniques. These results 
will be compared to previously reported results of analogous (3He,a) 
studies for which absolute normalization factors are not as well known. 

C. ERODED GUN BORE SURFACE DIAGNOSTICS (A. Niiler, S. Caldwell, 
J.E. Youngblood, and T.J. Rock) 

Gun barrel erosion and the resulting wear limited lifetime for 
most high performance gun barrels has been a long-standing problem for 
the Army. Most of the high-performance propeHants in use today burn 
at temperatures where the iron oxides are formed in preference to 
the nitrides and carbides of iron. A method by which the presence of 
oxygen in the surface can be detected would lead to a better understand-
ing of the burning propellant, bore surface interaction. Use of the 
(d,a©), (d,p0) and (d,p) reactions on 1 60 have been investigated in 
order to measure the depth concentration profile of oxygen under the 
surface to a depth of 5-10 ym. We have shown that at a deuteron beam 
energy of about 3 MeV, the depth profiles of oxygen can be obtained 
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with better than .02 ym resolution using high resolution silicon 
surface barrier detectors. Depth profiling of Nitrogen has been shown 
to be feasible also using the (d,a0) and Cd,a) reaction on lltN. 

Preliminary data on steel surfaces which have been exposed to 
the erosive environments of burning propellants have been encouraging. 
Oxygen concentrations of less than 1016 at/cm2 have been detected and 
i t is hoped that this limit can be lowered by a factor of 10 by use 
of better electronics. Plans have been made to measure the (d,a 0 ) , 
and (d,p) cross sections for 1 60 in the .3 to 1.0 MeV range so that 
the diagnostic technique can be applied at deuteron energies at this 
lower energy region. 
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TABLE I 

CORRECTIONS* 1 
o k e Finite Air Mult. 

iaD c. m . 
Geom. Scat. Scat. 

MeV deg. 0, "0 % % 

7.00 3.44 0.3 2.7 -3.0 
6.87 0.3 1.3 -3.2 

10.75 0.6 0.7 -4.0 
14.64 0.4 0.6 -4.4 
19.87 0.2 0.4 -5.8 

7.55 3.48 0.3 3.3 -2.8 
6.97 0.3 1.6 -3.0 

10.90 0.7 1.0 -3.8 
14.85 0.4 0.9 -4.2 

8.00 3.45 0.4 2.8 -2.6 
6.89 0.3 1.5 -2.8 

10.77 0.7 0.8 -3.6 
14.68 0.4 0.7 -4.0 
19.89 0.2 0.4 -6.3 

8.55 3.45 0.4 2.8 -2.5 
6.89 0.4 1.4 -2.6 

10.77 0.7 0.9 -3.4 
14.68 0.3 0.7 -3.8 

9.00 3.45 0.4 2.6 -2.4 
6.89 0.4 1.4 -2.5 

10.77 0.8 0.8 -3.2 
14.68 0.3 0.7 -3.6 

9.55 3.48 0.5 2.6 -2.2 
6.97 0.4 1.4 -2.3 

10.90 0.8 0.8 -3.1 
14.85 0.3 0.8 -3.4 

11.0 3.44 0.5 2.6 -2.1 
6.87 0.5 1.2 -2.2 

10.75 0.9 0.8 -3.0 
14.64 0.2 0.7 -4.0 

12.5 3.44 0.6 2.7 -2.3 
6.87 0.5 1.3 -2.4 

10.75 0.9 1.2 -3.2 
14.64 0 0.5 -4.2 

14.0 3.44 0.6 2.4 -2.5 
6.87 0.5 1.2 -2.8 

10.75 0.9 0.9 -3.5 
14.64 -0.1 0.8 -5.0 
19.87 -4.0 1.0 -13.0 

AR/R Ao/ffk 
c a f(e,E) AR/R c .m. f(e,E) 

±% ±% b/sr. b/sr. 

3.1 3.5 7.115 7.094 

1.1 1.9 6.403 6.522 
0.7 1.7 5.542 5.527 
0.7 1.7 4.340 4.322 
0.5 1.8 2.679 2.704 

2.6 3.1 •7.017 6.987 
1.5 2.4 6.342 6.320 
1.4 2.1 5.091 5.190 
1.1 1.9 3.858 3.868 

2.5 3.0 7.150 6.990 
1.1 1.9 6.188 6.275 
0.8 1.7 5.164 5.076 
0.9 1.8 3.745 3.693 
0.5 1.8 2.038 2.015 

1.7 2.3 6.917 7.076 
1.0 1.8 6.402 6.282 
0.8 1.7 4.876 4.966 
0.7 1.7 3.489 3.486 

1.6 2.3 7.335 7.211 
1.1 1.8 6.334 6.348 
0.9 1.7 4.991 4.933 
1.0 1.8 3.337 3.367 

1.8 2.4 7.468 7.418 
2.3 2.8 6.481 6.453 
1.3 2.0 4.854 4.891 
1.9 2.4 3.222 3.210 

2.2 2.7 8.441 8.425 
0.9 1.8 7.281 7.214 
0.7 1.6 5.302 5.270 
0.7 1.7 3.151 3.244 

1.9 2.5 10.15 9.914 
0.9 1.8 8.420 8.386 
0.6 1.6 6.036 5.939 
0.8 1.7 3.452 3.435 

2.5 3.0 11.82 11.85 
0.6 1.6 9.951 9.978 
0.8 1.7 6.830 6.943 
1.1 1.9 3.863 3.830 
0.7 3.4 1.043 1.044 
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TABLE I (continued) 

NOTES: 

g 
Not listed above is attenuator bar-ring interference correction, which 
is -0.5% for all 3.5 degree data points. 

k Uncertainty includes, besides counting statistics, the following: 1% in 
each the transmission and yield-efficiency product; 15% uncertainty in each 
of the multiple scattering and air scattering corrections; and 50% in the 
finite geometry correction at 20° and 14.0 MeV. 

0 Mott-Schwinger scattering not included. 



271. 

YALE UNIVERSITY 

A. FAST NEUTRON POLARIZATION STUDIES (F.W.K. Firk, J.E. 
Bond, G.T. Hickey, R.J. Holt, R. Nath and H.L. Schultz.) 

1. Polarization of Neutrons in n-sLi Scattering 

The analyzing power of 6Li for neutron scattering 
has been measured throughout the energy range 2 to 5 MeV 
and at four angles between 40° and 150° . The polarization 
of the neutron beam was absolutely determined using a neu-
tron double scattering method. The analyzing power of 6Li 
was found to be remarkably constant in energy for all mea-
sured angles. A multi-level R-matrix analysis, which also 
includes the 6Li(n,a)3H channel, was performed of the ana-
lyzing power measurements. 

2. Polarization of Neutrons in n-4He Scattering 

Measurements of the asymmetry of elastically scat-
tered polarized neutrons from a liquid He target have been 
completed at four angles and at energies between 2 and 1 
MeV. The experiment used the absolutely calibrated source 
of polarized neutrons from the 13C(n,n) C reaction. An 
analysis of the results is now underway. 

3. Polarization of Neutrons in n-9Be Scattering 

A detailed analysis of the measured differential 
polarization of neutrons elastically scattered from 9Be at 
energies up to 5 MeV is now being carried out using a gen-
eral nuclear reaction formalism. 

B. POLARIZATION OF PHOTONEUTRONS 

1. Differential Polarization of Photoneutrons from the 
Reactions " C Q s n p ^ C and 1 60(x,n„ 50 (R. Nath, 
F.W.K. Firk) 

The differencial polarization^of photoneutrons from 
the reactions 13C(r,n0)11C and 160(^,n0)1 0 has been 
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measured with good resolution throughout the energy regions 
of the giant dipole states using the 13C(n,n)iaC reaction 
as an analyzer. Measurements were made at angles between 
30° and 135° using the recently installed electron beam 
bending magnet. The results are being analyzed in con-
junction with recent differential cross section results 
obtained by Syme and Crawford at Glasgow University. 

2. Differential Polarisation of Photoneutrons from 
Liquid Deuterium (L. Drooks, F.W.K. Firk, R.J. Holt 
and H.L. Schultz) 

The liquid deuterium target is complete and has been 
tested and installed. A new electron beam bending magnet 
has been constructed and tested: this will provide a wide 
range of reaction angles (30°< 9lab < 150°). Preliminary 
measurements of the polarization of photoneutrons at 150° 
are now being made using a 12C cylinder of known analyzing 
power as a means of measuring the polarization. This tech-
nique is well-suited to precise studiec in the photon energy 
range 5 < E <15 MeV. 


