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A b s t r a c t :  The d i r e c t i o n a l  c o r r e l a t i o n  and p o l a r i z a t i o n  c o r r e l a t i o n  of t he  

703-871 keV gamma r a y  c a s c a d e  fo l lowing  t h e  decay of 20,000 y e a r  

Nb have been measured. On t h e  b a s i s  of t h e s e  measurements t h e  
94 

s p i n  and p a r i t y  of t h e  1574 keV l e v e l  i n  Mo has been de termined  
94 

1. I n t r o d u c t i o n  

The decay of t h e  20,000 y e a r  isomer of '*Nb t o  t h e  e x c i t e d  l e v e l s  of 

94 
M o  has been s t u d i e d  by a number of a u t h o r s  '-11 and t h e  decay scheme shown 

i n  f i g .  1 h a s  been proposed on t h e  b a s i s  of these s t u d i e s .  

Snyder and Beard'' have measured t h e  beta r a y  spectrum w i t h  

s c i n t i l l a t i o n  c o u n t e r s  u s i n g  p l a s t i c  s c i n t i l l a t o r s  i n  a 4n geometry. The 

94 
o n l y  beta decay t h a t  t h e y  observed popula ted  t h e  1573 keV l e v e l  i n  Mo. 

I n  order t o  e l i m i n a t e  any d i s t o r t i o n  f r o m  Comptom s c a t t e r i n g s  of t h e  gamma 

r a y s ,  t h e  spectrum w a s  measured i n  c o i n c i d e n c e  w i t h  t h e  1573 keV sum peak. 

T h e i r  c o n c l u s i o n  was t h a t  t h e  b e t a  spectrum had an  endpoin t  energy of 

470 f 6 keV and t h a t  a l i n e a r  Fermi-Kurie p l o t  could  be o b t a i n e d  through t h e  

u s e  of a second f o r b i d d e n  non-unique shape c o r r e c t i o n  f a c t o r .  
a 
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Coulomb e x c i t a t i o n  exper iments  3 ’ 4  have shown d e f i n i t e l y  t h a t  t h e  

f i rs t  e x c i t e d  s ta te  of 94M0 has a s p i n  of 2 w i t h  p o s i t i v e  p a r i t y .  

remain ing  problem i s  t h e  d e t e r m i n a t i o n  of t h e  s p i n  and p a r i t y  of t h e  second 

e x c i t e d  state.  I n  an  e f f o r t  t o  de termine  t h i s ,  Reich, Schuman and Heath 

measured t h e  d i r e c t i o n a l  c o r r e l a t i o n  of t h e  703-871 keV gamma r a y  cascade. 

T h e i r  r e s u l t s  were c o n s i s t e n t  w i t h  a n  assignment of e i ther  2 o r  4 t o  t he  

1574 keV l e v e l .  T h e i r  a n a l y s i s  of t h e  gamma r a y  spectrum measured w i t h  

s c i n t i l l a t i o n  c o u n t e r s  i n d i c a t e d  t h a t  i f  any c r o s s o v e r  t r a n s i t i o n  between 

t h i s  l e v e l  and t h e  ground state e x i s t e d ,  i t s  i n t e n s i t y  must be less t h a n  

0.03%. Such a l o w  i n t e n s i t y  s t r o n g l y  f a v o r s  a h i g h  s p i n  assignment  t h u s  

e l i m i n a t i n g  t h e  s p i n  2 p o s s i b i l i t y .  From these data ,  i t  was deduced t h a t  

t h e  1574 keV l e v e l  h a s  a s p i n  and p a r i t y  of 4+ and t h a t  t h e  ground s ta te  of 

94 

The 

9 

N b  is  6+. 

However, a r e c e n t  paper  by Kiss l inger  and Rote12 i n d i c a t e d  t h a t  t h i s  

ass ignment  for  t h e  ground s ta te  of 94Nb w a s  d i f f i c u l t  t o  j u s t i f y  on the  basis 

of t h e  s i m p l e  theoretical  model t h a t  they used and t h a t  a s p i n  and p a r i t y  

of 7+ w a s  more probable .  S i n c e  t h e  l i n e  of r e a s o n i n g  e s t a b l i s h i n g  t h i s  

ass ignment  b e g i n s  w i t h  t h e  d e d u c t i o n  of t h e  s p i n  and p a r i t y  of t h e  1574 keV 

l e v e l  i n  lo, a more direct  d e t e r m i n a t i o n  of t h e  character of  t h i s  l e v e l  

i s  d e s i r a b l e .  T h e r e f o r e ,  t h e  p o l a r i z a t i o n  c o r r e l a t i o n  of t h e  872-702 keV 

gamma r a y  cascade was measured and t h e  r e s u l t s  are r e p o r t e d  i n  t h i s  paper .  

94 

2 .  Experimental  Procedure and R e s u l t s  

94 
The Nb s o u r c e  w a s  o b t a i n e d  as NbF i n  a s o l u t i o n  of h y d r o f l u o r i c  and 3 

h y d r o c h l o r i c  acid from Nuclear  Sc ience  and E n g i n e e r i n g  C o r p o r a t i o n .  Ten 
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m i c r o c u r i e s  of t h i s  s o u r c e  w a s  d e p o s i t e d  i n  a T e f l o n  ho lde r  having  an  i n s i d e  

d i ame te r  of 5 mm and l e n g t h  of 1 c m .  Although t h e  s o u r c e  w a s  evapora t ed  t o  

d r y n e s s ,  it w a s  n o t  carrier f ree ,  and a rather large amount of s a l t  was 

d i s t r i b u t e d  throughout  t h i s  volume. T h i s  s o u r c e  w a s  s u f f i c i e n t l y  s t r o n g  

t h a t  i t  c o u l d  be  used  i n  a l l  of  t h e  measurements. 

A gamma r a y  spec t rum t aken  w i t h  an 8 c m 3  c o a x i a l  Ge(Li) detector i s  

shown i n  f i g .  2 .  I t  is  appa ren t  t h a t  t h e r e  is  a trace impur i ty  of about  

0.2% of ''CO. However, no c h e m i s t r y  w a s  a t t empted  t o  remove t h i s  impur i ty  

s i n c e  i t s  e f f e c t  on t h e  expe r imen ta l  measurements w a s  n e g l i g i b l e .  

The gamma r a y  e n e r g i e s  were de termined  w i t h  t h i s  d e t e c t o r  u s i n g  

207Bi .  A a u a d r a t i c  least  c a l i b r a t i o n  l i n e s  from 2 2 N a ,  Mu, Y, l S 7 C s ,  and 54 88 

s q u a r e s  f i t  proved t o  be adequa te  t o  f i t  a l l  of t h e  l i n e s  w i t h i n  less t h a n  

one  s t a n d a r d  d e v i a t i o n .  The v a l u e s  of t h e  N b  gamma r a y  e n e r g i e s  were t h e n  

o b t a i n e d  by i n t e r p o l a t i o n .  These are d i s p l a y e d  i n  t a b l e  1 and are i n  good 

agreement w i t h  p r e v i o u s  r e s u l t s .  

94 

The a n g u l a r  c o r r e l a t i o n  appa ra tus  used  w a s  t h e  same as t h a t  which w a s  

described i n  a n o t h e r  paper .  l3 

t h e  703-871 keV gamma r a y  cascade, the d i s c r i m i n a t o r  of t h e  f i x e d  c o u n t e r  was 

set t o  span  t h e  871 keV photopeak. Both t h e  s i n g l e s  and t h e  c o i n c i d e n c e  

I n  remeasuring t h e  d i r e c t i o n a l  c o r r e l a t i o n  of  

s p e c t r a  of t h e  two moveable c o u n t e r s  were recorded i n  a mul t i channe l  a n a l y z e r  

u s i n g  subgroup programming. From these s p e c t r a ,  on ly  c o u n t s  i n  t h e  703 keV 

photopeak were used.  

The a n g u l a r  c o r r e l a t i o n  c o e f f i c i e n t s  were corrected f o r  s o l i d  a n g l e  

1 4  15 a t t e n u a t i o n  u s i n g  t h e  method of Rose. Whi l e  i t  has  r e c e n t l y  been found 

t h a t  t h i s  method i s  no t  e x a c t ,  the e r r o r  i n  t h e  c o r r e c t i o n  i t s e l f ,  f o r  t h i s  

a p p a r a t u s ,  is  approximate ly  5%. The c o n c l u s i o n s  reached  i n  t h i s  experiment  
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, are not dependent on a precise knowledge of the directional correlation 

I coefficients since the polarization correlation has also been measured. I 
I Therefore, the error in the solid angle correction is negligible. 

The values of the Legendre polynomial coefficients measured in this 

experiment are shown in table 2 are in good agreement with those values 
I 

obtained by other investigators. As can be seen in fig. 3 ,  however, these 

results are insufficient in themselves to identify the spin and parity of 

I the 1574 keV level. The data is consistent with the assignment of 2,3 or 4 

I 

for the spin of this level. 

A measurement of the linear polarization of the 702 keV gamma ray is 1 
13 

I sufficient to distinguish among these possibilities. As previously described] 

the polarization correlation apparatus consisted of a direction counter and I 

l a Compton polarimeter. Although the measurement is straightforward] the 

I , polariAation sensitivity of this apparatus is energy dependent and must be 

determined before the polarization can be evaluated. Measurements in the 

past on well known transitions have yielded empirical values for the 

sensitivity over a range of energies. The 871 keV transition in Mo is pure 

electric quadrupole and, using the known polariAation of such a transition, 

94 

I 

I the sensitivity at 871 keV could then be measured and added to the set of 

values. A simple extrapolation to 703 keV gave a value of 2.8 f. 1.0 for 

the polarization sensitivity at this energy. Using this value, the polarization 

of the 703 keV gamma ray transition was found to be 1.4 f 0 . 2 .  

The result of the linear polarization measurement can be most easily 

compared with the theoretically possible values using the graph shown in fig. 4. 

A spin assignment of 2 is clearly excluded. If the spin assignment were 3, 

the parity of the level would be negative, and the 703 keV transition would 
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be 96% electric d i p o l e  w i t h  a 4% mixture  of magnet ic  quadrupole .  Such a 

l a r g e  admixture  i s  q u i t e  u n l i k e l y  and e f f e c t i v e l y  r u l e s  o u t  t h i s  ass ignment .  

T h e r e f o r e ,  t h e  703 keV gamma ray must be a p u r e  electric quadrupole  

t r a n s i t i o n  and t h e  s p i n  and p a r i t y  of t h e  1574 keV l e v e l  must be 4+. From 

t h e  b e t a  decay exper iments ,  t h e  ground s t a t e  of Nb should  be b+. I n  

order t o  c o n f i r m  t h i s  ass ignment ,  o t h e r  exper iments  such a s  t h e  beta-gamma 

d i r e c t i o n a l  correlation should  be c a r r i e d  o u t .  On t h e  basis of t h e  p r e s e n t  

e x p e r i m e n t a l  d a t a ,  however, i t  would appear  t h a t  t h e  model used by K i s s l i n g e r  

and Rote does n o t  a d e q u a t e l y  p r e d i c t  t h e  ground s ta te  s p i n  of Nb and t h a t  

more detailed model i s  n e c e s s a r y .  

94 

94 

The a u t h o r s  are g r a t e f u l  t o  Mrs. H. M. Murray fo r  f a b r i c a t i n g  t h e  

germanium detector and t o  M r .  J .  M. Arnold f o r  h i s  a s s i s t a n c e  i n  some of t h e  

e x p e r i m e n t a l  work. 
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F i g .  1 )  

F i g .  2 )  

F i g .  3) Parametr ic  p l o t  of d i r e c t i o n a l  c o r r e l a t i o n  c o e f f i c i e n t s .  The 

Proposed decay  scheme of 94Nb. 

Gamma ray  spectrum of 94Nb taken w i t h  a G e ( L i )  d e t e c t o r .  

numbers on t h e  c u r v e s  are t h e  mixing rat ios  6 .  

F i g .  4)  Parametr ic  p l o t  of p o l a r i z a t i o n  c o r r e l a t i o n  c o e f f i c i e n t s .  
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Table 1 

94 
Transit ion energies following Nb decay 

Present investigation 
(keV) 

9 ref. ) 
11 ref. ) 

16 ref. ) 

7 02 . *0 . 1 

870. &0. 1 

7 03 

872 

7 02 . tif0 .5 

871.3f0.5 871.1fO. 7 



Table 2 

Directional correlation coefficients lor 871-703 keV cascade 

Present investigation 

A2 O.lOlf0.017 

A4 0.023f0.043 

8 
ref. ) 

6 ref. ) 
9 

ref. ) 

0.1 Ol*O ,003 0.0865&0.0080 0.096!&0.0076 

0.0121f0.0043 0.0243f0.0125 0. O l S O .  011 
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