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Abstract 

The production and decay of 190-ms 
8 9 M o m , 2.15-min 8 9 M o 9 , 8.2-min 8 8 M o , and 
2.0-min 9 6 P d have been studied using 
sources produced at the Maryland Cyclotron. 
The resulting y-ray spectra have extended 
the systematics of the N=47 and 48 isotones 
to higher Z and revealed sharp differences 
between the N=47 isotones and Z=47 
isotopes. The low-lying 1 + states 
identified in 9 6 R h following the decay of 
9*>Pd further supports the hypothesis of 
strong interaction between protons and 
neutrons with identical i values. 

1. Experimental Procedures 

The neutron deficient nuclides 8.2-min 
8 8 M o , 2.15-min 8 9 M o 9 , and 190 ms 8 9 M o m were 
produced at the Maryland Cyclotron in 
proton irradiations of enriched 9 ^ M o at 
beam energies ranging from 40 to 75 MeV. 
The study of activities with half lives 
greater than 1.5 min was done by manually 
transferring the target from the 
irradiation station to a high resolution 
large volume Ge detector in a 
low-background area. For the study of 
shorter-lived activities, a fixed target 
and detector setup was used and the 
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i r r a d i a t i o n a n d c o u n t i n g p e r i o d s d e t e r m i n e d 
b y a v a r i a b l e s p e e d r o t a t i n g m e c h a n i c a l 
beam c h o p p e r ( w h e e l ) . T h e w h e e l ) w a s 
d e s i g n e d t o p r o v i d e a 3 : 1 r a t i o b e t w e e n 
c o u n t i n g a n d i r r a d i a t i o n t i m e b y t h e 
p r e s e n c e o f f o u r 2 2 . 5 ° s l o t s i n a 5 cm 
t h i c k A l d i s c . The w h e e l c o u l d be r o t a t e d 
c o n t i n u o u s l y f r o m 2 rpm t o ~ 2 0 0 rpm a n d 
c o u l d a l s o b e c o n t r o l l e d b y a s w i t c h t o 
p r o v i d e l o n g e r i r r a d i a t i o n a n d / o r c o u n t i n g 
p e r i o d s . The p o s i t i o n o f t h e s l o t s i n t h e 
w h e e l w a s m o n i t o r e d b y a n o p t i c a l s e n s o r 
w h o s e o u t p u t w a s c o u p l e d t o t h e C y c l o t r o n 
C o m p u t e r t o g a t e t h e s t o r a g e o f y r a y s i n t o 
t w e l v e 8 1 9 2 c h a n n e l s p e c t r a a s a f u n c t i o n 
o f t i m e - a f t e r i r r a d i a t i o n . A m a n u a l s t a r t 
w a s u s e d f o r t h i s d a t a c o l l e c t i o n s y s t e m 
f o r t h e l o n g e r - l i v e d a c t i v i t y s t u d i e s . 

F o u r 3 m g / c m 2 9 2 M o f o i l s e n r i c h e d t o 
9 6 % w e r e u s e d i n b o t h s t u d i e s t o m i n i m i z e 
t h e b u i l d u p o f l o n g e r - l i v e d a c t i v i t i e s , 
p a r t i c u l a r l y 5 . 9 - h 9 0 M o a n d 1 4 . 6 - h 9 0 N b 9 . 
S t r o n g a c t i v i t i e s w e r e a l s o o b s e r v e d f r o m 
t h e Nb i s o t o p e s p r o d u c e d i n t h e 
9 2 M o ( p , a x n ) r e a c t i o n s . 

2 . 8 9 M o S t u d i e s 

A s t h e s t u d y 2 ) o f t h e 
9 2 M o ( 3 H e , 6 H e ) 8 9 M o r e a c t i o n r e v e a l e d t h e 
p r e s e n c e o f 7 / 2 + a n d l / 2 ~ l e v e l s i n t h e 
l o w - l y i n g l e v e l s t r u c t u r e o f 8 9 M o a n d a Q 

v a l u e o f 5 . 6 M e V f o r 8 9 M o 9 d e c a y , i t w a s 
p o s s i b l e t o e s t i m a t e a h a l f l i f e f o r t h e E 3 
I . T . d e c a y o f a f e w h u n d r e d m i l l i s e c o n d s 
f o r l/2"Q^ñom a n d a h a l f l i f e o f 15 s e c o r 
g r e a t e r f o r t h e 3 + / E C d e c a y o f 9 / 2 + 8 9 M o 9 . 
T h u s , t h e r o t a t i n g w h e e l s e t u p w a s u s e d t o 
make t h e i n i t i a l s t u d i e s f o r b o t h i s o t o p e s . 
T h e w h e e l w a s r o t a t e d t o g i v e 50 ms 
i r r a d i a t i o n s a n d 1 0 5 0 ms c o u n t i n g p e r i o d s 
i n t h e i n i t i a l m e a s u r e m e n t o f 8 9 M o m d e c a y . 
F o r t h e i n i t i a l s t u d y o f 8 9 M o 9 , t h e w h e e l 
w a s m a n u a l l y o p e r a t e d t o g i v e 4 5 - s e c 
i r r a d i a t i o n s a n d 3 0 0 s e c c o u n t i n g p e r i o d s . 
S u b s e q u e n t s t u d i e s o f 8 9 M o 9 d e c a y w e r e d o n e 
u s i n g t h e m a n u a l t a r g e t t r a n s f e r p r o c e d u r e 
w h e n t h e h a l f l i f e w a s f o u n d t o be "2 m i n . 

2 . 1 8 9 M o m S t u d i e s 

T h e r e s u l t s o f o u r s t u d y 3 ) o f 8 9 M o m 

d e c a y a r e s h o w n i n F i g . 1 a l o n g w i t h t h e 
d a t a f o r o t h e r N = 4 7 i s o t o n e s . T h e s e 
s t u d i e s r e v e a l a s h a r p l y d e c r e a s i n g 
h i n d r a n c e f a c t o r f o r t h e l / 2 ~ - 7 / 2 + E 3 
t r a n s i t i o n a s Z i n c r e a s e s a n d a 7 / 2 + - 9 / 2 + 

d i f f e r e n c e t h a t p e a k s i n 8 5 S r . The 
h i n d r a n c e w a s c a l c u l a t e d a s t h e r a t i o t]_/2 
( r a d i a t i v e ) / t w w h e r e t h e t h e o r e t i c a l E 3 
h a l f l i f e tw w a s c a l c u l a t e d b y t h e 
f o r m u l a 4 ) t w = 0 . 6 9 3 / 3 5 A 2 E y 7 S . E x t e n s i v e 
c a l c u l a t i o n s o f t h e l e v e l e n e r g i e s a n d 
t r a n s i t i o n r a t e s o f t h e N a n d Z = 4 7 n u c l i d e s 
b y P a a r 5 ) u s i n g a c l u s t e r - v i b r a t i o n m o d e l 

2 . 1 5 m . 9 / 2 + 0 

—o 

( l l / 2 + ) 0 - = 1155.1 
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F i g . 2 D e c a y s c h e m e o f 2 . 1 5 - m i n 8 9 M o 9 a n d l e v e l s o f 8 9 N b o b s e r v e d i n t h e 8 9 Y ( 3 H e , 3 n y ) a n d 
9 2 M o ( p , a ) r e a c t i o n s . 
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h a v e s u c c e s s f u l l y a c c o u n t e d f o r m a n y o f t h e 
o b s e r v e d f e a t u r e s o f t h e s e n u c l i d e s 
p a r t i c u l a r l y f o r t h e Z = 4 7 i s o t o p e s . The 
7 / 2 + - 9 / 2 + d i f f e r e n c e i n t h e N = 4 7 i s o t o n e s , 
h o w e v e r , s h o w s a v e r y d i f f e r e n t b e h a v i o r 
t h a t r e f l e c t s t h e s t r o n g i n t e r a c t i o n 
b e t w e e n t h e t h r e e - n e u t r o n g 9 / 2 h o l e c l u s t e r 
a n d t h e o c c u p a n c y o f t h e go,/2 p r o t o n 
o r b i t a l w h i c h b e c o m e s s i g n i f i c a n t f o r Z > 3 8 . 
T h i s p h e n o m e n o n i s n o t i m p o r t a n t f o r t h e 
( 9 9 / 2 p r o t o n c l u s t e r i n t h e A g n u c l i d e s 
a s t h e g 9/2 n e u t r o n s h e l l i s f u l l y o c c u p i e d 
t h r o u g h o u t t h e Ag i s o t o p e s . T h e f i l l i n g o f 
t h e g 7 / 2 n e u t r o n o r b i t a l s i n t h e Z = 4 7 
i s o t o p e s d o e s n o t a p p e a r t o p l a y a 
s i g n i f i c a n t r o l e i n t h e g e n e r a l p r o p e r t i e s 
o f t h o s e n u c l i d e s . 

2 . 2 8 9 M o 9 S t u d i e s 

O u r r e s u l t s 6 ^ f r o m t h e s t u d y o f t h e 
d e c a y o f 8 9 M o 9 a r e s h o w n i n F i g . 2 f o r 8 9 N b 

4 1 
a l o n g w i t h t h e l e v e l s o b s e r v e d i n t h e s t u d y 
o f t h e 8 9 Y ( 3 H e , 3 n y ) r e a c t i o n 7 ) a n d t h e 
9 2 M o ( p , a ) r e a c t i o n . 8 ) T h e s e d a t a s h o w v e r y 
l i t t l e c h a n g e i n t h e o v e r a l l s t r u c t u r e o f 
8 9 N b r e l a t i v e t o 8 7 Y e x c e p t f o r t h e 6 5 8 - k e V 
4 1 39 

l e v e l , a s s h o w n i n F i g . 3 . I f t h a t 7 / 2 + 

a s s i g n m e n t i s c o r r e c t , t h e n t h e p r e s e n c e o f 
two a d d i t i o n a l g g / 2 p r o t o n s t o t h e 8 7 Y c o r e 

p e r m i t s t h e f o r m a t i o n o f a ( g g / 2 ) 3 c l u s t e r 
a n d t h e s h a r p d r o p i n t h e p o s i t i o n o f t h e 
7 / 2 + l e v e l b e c a u s e o f t h e s u b s t a n t i a l 
( 9 9 / 2 ) ^ a d m i x t u r e i n i t s w a v e f u n e t i o n . The 
s t u d y o f t h e l e v e l s t r u c t u r e o f 9 ^ - T c w o u l d 
p a r t i c u l a r l y i m p o r t a n t t o f u r t h e r o b s e r v e 
how a d d i t i o n a l p r o t o n s a f f e c t t h e p o s i t i o n 
o f t h i s 7 / 2 + l e v e l i n n u c l i d e s w h e r e n o 
9 7 / 2 n e u t r o n s a r e p r e s e n t . The b e h a v i o r o f 
t h e 7 / 2 + s t a t e i n t h e N = 5 2 i s o t o n e s w i t h 
i n c r e a s i n g Z i s w e l l e s t a b l i s h e d , a s s h o w n 
i n F i g . 4 . 

2 . 3 8 8 M o S t u d i e s 

I n s e e k i n g t o c o n f i r m t h e i d e n t i t y o f 
t h e 2 . 1 5 - m i n a c t i v i t y a s s o c i a t e d w i t h t h e 
6 5 8 . 6 - k e V y r a y , we s t u d i e d i t s y i e l d a t 
4 0 , 5 0 , 70 a n d 7 5 k e V . The t h r e s h o l d w a s 
f o u n d t o l i e b e t w e e n 4 0 a n d 50 M e V a n d t h e 
p e a k y i e l d b e l o w 70 M e V . We a l s o o b s e r v e d 
t h e 8 0 - , 1 3 1 - , a n d 1 7 1 - k e V y r a y s 
a t t r i b u t e d t o 8 . 6 - m i n 8 8 M o d e c a y b y D o r o n 
a n d B l a n n . 9 ) We d i d n o t o b s e r v e t h e s e y 
r a y s a t 5 0 M e V a n d o n l y v e r y s m a l l p e a k s 
w e r e s e e n a t 60 M e V . S i g n i f i c a n t p e a k s w e r e 
o b s e r v e d a t 7 5 M e V a n d a h a l f l i f e o f 8 ± 1 
m i n d e t e r m i n e d . A s a l l t h r e e o f t h e s e y 
r a y s a r e p a r t s o f c o m p l e x s t r u c t u r e s , 
s u b s t a n t i a l u n c e r t a i n t y i s a s s o c i a t e d w i t h 
t h e h a l f l i f e m e a s u r e m e n t . 

ODD Z N=48 ISOTONES 
1227 9/2+ 1272 

1024 13/2+2+ 9 8 2 1003 2+ 1010 
1023 7/2+ 3 /2" 13/2+ (3/2") 

830 
772 7 9 3 (5/2") 
5/2+ 5 / 2 

658 
(7/2+) 

9 / 2 + 1/2" 9/2+ 1/2" 
87y 8 6 S r 8 7 Y 8 9 N b 8 8 Z r 8 9 N b 

F i g . 3 C o m p a r i s o n o f 8 7 Y a n d 8 9 N b l e v e l s . 
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3. 9 6 P d Studies lowered with increasing Z by both the 
increased size of the nucleus and the 
increased occupancy of its spin-orbit 
partner gg/2 protons. The significant 
feature of these odd-odd N=51 isotones that 
include a single d5/2 o r 97/2 neutron 
coupled to an increasing number of gg/2 
protons lies in the very much lowered l + - 2 + 

energy gap compared to the 5 / 2 + - 7 / 2 + 

neutron gap responsible for these states. 
This lowered gap likely arises from the 
much stronger interaction between the g$/2 
protons and the g7/2 neutron relative to 
the interaction between the gg/2 protons 
and the d5/2 neutron. It appears that the 
size of this interaction (~1 M e V ) is large 
and not very dependent on the occupancy of 
the proton orbitals. The importance of 
neutron-proton interactions where £n=£p has 
been recently discussed by Federman and 
P i t t e l 1 3 ) and these studies serve as a 
source of a quantitative measure of that 
interaction. 

Extrapolation of the trends observed 
here suggest that the 1 + level will lie 
below the 2+ level in 9 8 A g and possibly 
1 0 0 I n as well. 

1290 
ODD Z N=52 ISOTONES 3 / 2 - l 2 , 3 

9 / 2 ^ 9/2+ 
1082 

JgPp 978 11/2+ 957 
( 7 / 2 ) 925 — — 2 5 1 

5/2" 949 13/2-^fT 882 871 S2L 8Q8 5/2+ 809 13/2+ 2 + 

749 2 ^ 5 /2 -
(5/2*1 „ 747 7/2+ 686 667 5/2" W 2 3 / 2 " 624 aZcTTTô-

3/2~ 5 / 2 + 646 3/2 

]£6 
7/2+ 

9 / 2 + 1/2- 9 /2+ 1 / 2 ' 9/2+ 1/2' 
9 i Y 9 0 S r 9 I Y

 9 3 Nb 9 2 Zr 9 3 Nb ^ c ^ M o ^ T c 

- 450 -

Fig. 4 Comparison of the level structure of the N=52 isotones. 

These same facilities were also 
utilized to identify the closed shell 
nuclide 9*>pd a n < ^ s t u d y 1 0 ) its decay. As 

46 50 
the earlier identification of the 
"further-from-stability" n u c l i d e s 1 1 f 1 2 ) 
15-sec 9 7 A g and 8-sec 9 8 C d permitted an 
estimate of 2-4 min for the half life of 
96pd, the initial experiments utilized the 
manual transfer of the enriched 9 6 R u target 
to the detector area following irradiation 
of the target with 60-MeV ^He ions. Two 
strong y rays at 125 and 500 keV were 
observed and placed as feeding the well 
established 2 + isomer in 9*>Rh, as shown in 
Fig. 5. 

The positions of these two 1 + levels 
are of particular interest as they confirm 
a continued trend of 1 + states in the odd-
odd N=51 isotones that lie well below the 
odd N 7 / 2 + states in the adjacent odd N 
core. The odd Z isotones with Z>40 and 
N>52 are characterized by the presence of 
low-lying 9 / 2 + and 1 / 2 " states as shown in 
Fig. 4. In Fig. 6 we show the odd N 
nuclides with 51 neutrons. They are 
characterized by a à$/2 ground state and an 
excited g-j/2 state whose position is 
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