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Abrtract Isomer r a t i o s  f o r  7 3 ~ e m ' g ,  produced i n  the reac t i on  a + Ge, 
w i t h  i nc iden t  labora tory  energy ranging from 8 t o  28 MeV, have been de- 
duced using o f f - l i n e  y-ray spectroscopy. Re la t ive  cross- sect ion f o r  i so-  
meric and ground s ta tes  format ion were obtained wi t h  natGe ta rge ts .  Com- 
pound nucleus s t a t i s t i c a l  analyses were performed w i t h  the codes ALICE 
and JULIAN, and a good agreement was obtained between p r e d i c t i o n s  o f  
JULIAN and the experimental r e s u l t s .  Angular momentum fopu la t ions  f o r  
isomer format ion have been determined i n  the 7 0 ~ e ( a , n ) 7  Se reac t ion .  

1. INTRODUCTION 

1 - 3  Isomer r a t i o s  have been l a rge l y  used i n  the l a s t  few decades 

t o  get  some ins igh t  i n t o  nuclear s ta tes  formed a t  very h i g h  e n e r g i e s  

and angular momenta. Hui zenga and vandenbosh1 have s tud ied isaner r a t  ios  

f o r  a la rge v a r i e t y  o f  t a rge t  and p r o j e c t i l e  combinations and they con- 

cluded tha t  these r a t i o s  depend, besides the sp in  values o f  the isomeric 

and ground states,  on the proper t ies  o f  intermediate s ta tes  as w e l l  

as on the angular momenta t rans fer red i n  the reac t i on  mechanisms. 

I n  t h i s  paper, we inves t iga te  the angular momentum dependence 
7 3 o f  the isomer r a t i o s  f o r  the 7 3 ~ e  nucleus formed i n  a ' ' ~ e  (a ,n)  Se 

reac t ion .  " Se has* a J' = 7/2+, r,,, = 7hs ground s t a t e  and a ~ ~ = 1 / 2 - ,  

rlIL = 41 min isomeric s t a t e  as the f i r s t  exc i ted  s ta te ,  a t  on ly  25 keV 

of e x c i t a t i o n  energy. As t h i s  energy i s  very smal l compared t o  the ex- 

c i  t a t  ion energies o f  the 7 4 ~ e  compound nucleus formed i n  t h i  s  reaction, 

the isomer r a t i o s ,  def ined as R = $/om,enable us t o  determine the  in- 

fluente o f  the entrance channel angular  momentum on the  format ion mech- 

anism o f  these s ta tes .  
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This paper i s  organized as f o l  lows: i n  sec t ion  2 we d e s c r i  be 

the experimental methods and r e s u l t s  obtained i n  the a+na t~e  reac t ion .  

A comparison w i t h  s t a t i s t i c a l  model ca l cu la t i ons  and conclusions a re  

presented i n  sec t i on  3. 

2. EXPERIMENTAL METHODS 

Rela t ive  cross-sections d " ~ ~ f o r  isomeric and ground s ta tes  fo r-  

mation i n  the reac t i on  ~ i + ~ % e  were measured f o r  a - p a r t i c l e  energies ran- 

g ing  from 8 MeV t o  28 MeV. The cc beam was de l ivered by t h e  C y c l o t r o n  

CV-28 of the I n s t i t u t o  de Engenharia Nuclear-RJ and t h e  e n e r g y  was 

changed, by vary ing  the H .F . ,  i n  2 MeV steps, i n  the range 20 MeV<Ecc<28 

MeV. For energies down t o  20 MeV, the beam was degraded, i n  a p p r o x i -  

mately 1 MeV steps, by AI f o i  1s 4 mg/cm2 t h i ck ,  placed r i g h t  i n  f r o n t  

o f  the ta rge ts .  

I n  na tura l  germanium targets ,  the 7 3 ~ e  nucleus may be formed i n  

the react ions 7 0 ~ e  (cc,n) 7 3 ~ e  and 7 2 ~ e  (a,3n) 7 3 ~ e ,  w i  t h  negat ive Q-values 

o f  8 MeV and 27 MeV, respect ive ly .  As the thresholds f o r  these react ions 

d i f f e r  by near ly  20 MeV, there  a re  no ambigui t ies i n  u t i l i z i n g  n a t u r a l  

germanium targets  i n  the experimental study o f  the 7 0 ~ e  (a,n) 7 3 ~ e  reac- 

t i o n ,  i n the range f rom 8 MeV t o  28 MeV o f  labora tory  i ncident  energy. 

Moreover, add i t i ona l  background o r i g i n a t e d  f r o m  a - r e a c t i o n  w i t h  

7 2 ' 7 3 ' 7 4 ' 7 6 ~ e  isotopes i n  the ta rge t  i s  r e i a t i v e l y  small,  as can be seen 

i n  the experimental spectrum shown i n  the f i g u r e  1 (see below) . 
The Ge targets  were made o f  na tura l  germanium, evaporated onto  

a t h i c k  aluminium backing (0,2 mm), which provided mechanical r i g i d i t y  

and co l l ec ted  the reco i l i r i g  nucleus. The thicknesses o f  the Ge targets  

were estimated t o  be l a rge r  than 1 mg/cm2. A t y p i c a l  experiment run was 

about 30 rninutes o f  t a rge t  i r r a d i a t i o n  w i t h  an a beam cur rent  o f  1 LIA. 

These values were chosen i n  order t o  provide good s t a t i s t i c s  a t  the 254 

keV isomeric decay, which has4 an absolute branching r a t i o  o f  on iy  2.5%, 

w i  thout  s t rong l  y i ncreasi ng the background o r i g i  nated by react ions w i  t h  

the A1 -backi ng. 

A f te r  i r rad ia t i ons ,  the ta rgets  were removed automat i c a l l  y t o a  

10~-background room and placed a t  30 cm i n  f r o n t  o f  a t r u e  c o a x i a l  

Ge (Li) de tec tor  o f  40 cm3, wi t h  2.3 keV energy reso lu t i on  f o r  the 1.33 

MeV y- ray from a 6 0 ~ o  source. A t y p i c a l  spectrum obtained a t  Ea = 22 
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Fig.1 - y-Ray spectrum ob ta ined  B t  Ea = 22 MeV. L ines  marked (B) a r e a c -  
t i v i t i e s  due t o  t h e  background. ( ~ o t e  t h a t  t h e  v e r t i c a l  s c a l e  i s  the  
l o g a r i t h m  o f  t h e  counts h'). 

MeV i s  shown i n  f i g u r e  1 and we c l e a r l y  see t h e  y- rays  a c t i v i t i e s  f o l -  
+ 

lowing f3 decay o f  the i somer ic  (254 k e ~ )  and ground (361 keV) s  t a  t e s  

o f  t h e  7 3 ~ e  r e s i d u a l  nuc leus.  

The i s o m e r i ~  r a t i o s  were o b t a i n e d  a t  12 i n c i d e n t  energ ies  by 

measi ir ing the  361 keV ground and 254 keV i somer ic  decays, and t a k i n g  

i n t o  account the  73% f e e d i n g  o f  the  ground s t a t e  f rom the i s o m e r  i c  

s t a t e .  A d e r a i  l e d  d e s c r i p t i o n  o f  t h e  exper imenta l  m e t h o d  i s  g i v e n  

e lsewhere6.  As the  r a t i o s  R a r e  independent o f  t h e  t a r g e t  th i ckness ,  a  

whole s e t  o f  germanium t a r g e t s  was used i n  these i r r a d i a t i o n s .  Never- 

the less ,  f o r  o b t a i n i n g  the  r e l a t i v e  cross sec t ions ,  the  same t a r g e t  was 

i r r a d i a t e d  a t  8 d i f f e r e n t  energ ies ,  w i t h  a  s u f f i c i e n t  t ime i n t e r v a l  i n  

between them, i n  o r d e r  t o  a v o i d  c o n t r i b u t i o n  from d i f f e r e n t  energ ies  on 

t h e  7 3 ~ e m ' g  a c t i v i t i e s .  The r e s u l t s  a r e  shown i n  f i g u r e s  2 and 3  f o r  the 



F ig .2  - Experimental e x c i t a t i o n  f u n c t i o n  f o r  t h e  
isomer ic  s t a t e  JT = 112- o f  7 3 ~ e .  

isomer ic  and ground s t a t e s ,  r e s p e c t i v e l y ,  and t h e  r e l a t i v e  t o t a l  c ross  

s e c t i o n  (aP = + um) f o r  the  7 0 ~ e  (a,n) 7 3 ~ e  channel i s  shown i n  f i g u r e s  

4 and 5,  toge ther  w i t h  t h e o r e t i c a l  p r e d i c t i o n s  which w i l l  be descr ibed  

i n  t h e  nex t  s e c t i o n .  I n  f i g u r e  6, t h e  isomer r a t i o s  R = ag/um a r e p l o t -  

ted  a g a i n s t  i n c i d e n t  energy and they a r e  i n  good agreement w i t h  e a r l y  

r e s u l  t s 7  o b t a i n e d  w i  t h  the  same r e a c t i o n  by Demeyer e t  aL. Tab le  1  

g i v e s  t h e  exper imenta l  va lues  o f  t h e  isomer r a t i o  R.  



Fig.3 - Experimental 
e x c i t a t i o n  func t i on  
fgr the  ground s t a t e  
J = 7/2+ o f  7 3 ~ e .  
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Table 1 - Experimental isomer r a t i o s  R obtained i n  the reac t i on  

a t 7 0 ~ e  (see tex t )  . 

a) a - p a r t i c l e  labora tory  energy. b) Compound Nucleus 7 4 ~ e  Ex- 
c i t a t i o n  Energy. 
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3. DISCUSSION AND CONCLUSION 

The e x c i t a t i o n  f u n c t i o n  f o r  t h e  t o t a l  c ross  

for rnat ion was compared t o  s t a t i s t i c a l  model p r e d i c t  

ALICE and JULIAN, which have been e x t e n s i v e l y  descr  

s e c t i o n  f o r  7 3 ~ e  

ions o f  the codes 

i bed e1 ~ e w h e r e " ~ .  1n 

o r d e r  t o  have a  more r e a l  i s t i c  comparison w i t h  the  exper imenta l  r e s u l  ts, 

b o t h  codes had as an i n p u t  the  same compound nucleus s p i n  d i s t r i b u t i o n ,  

c a l c u l a t e d  by the  s u b r o u t i n e  PARAP". The p r e d i c t i o n s  o f  the  codesALICE 

and JULIAN a r e  d i s p l a y e d  i n  f i g u r e s  4 and 5, r e s p e c t i v e l y .  The expe- 

T m  F i g . 4  - T o t a l  e x c i t a t i o n  f u n c t i o n  a = a + 2 f o r  t h e  
7 0 ~ e ( a , n ) 7 3 ~ e  channel .  The dashed curve  g i v e s  t h e  p re -  
dict ions o f  t h e  code AI i c e  (see t e x t )  . 



Fig.5 - Comparison between the t o t a l  e x c i t a t i o n  func- 
t i o n  f o r  the 7 0 G e ( a , n ) 7 3 ~ e  channel (black po in ts )  and 
the p red i c t i ons  o f  the code Jul  i an  (whi t e  po in t s  and 
b lack  l i n e ) .  

r imental  r e s u l t s  and the ca l cu la t i ons  were normalized a t  15 MeV energy 

and we observe t h a t  the code ALICE underestimates the experimental r e -  

s u l t s  a t  h igh  energies alrnost by a f a c t o r  o f  10. The code JULIAN a l s o  

underestimates the experimental r e s u l t s  a t  h igh  energies, bu t  on ly  by a 

f a c t o r  o f  2. The agreement w i t h  the code JULIAN rnay be irnproved by 



changing, a t  these energies, the normal iza t ion  parameter" i n  the s t a t -  

i s t i c a l  p r o b a b i l i t y  f o r  y - ray  compet i t ion i n  the deexc i t a t i on  decay of 

the compound and res idua l  nuc le i .  

k have attempted t o  understand our experimental data i n  terms 

o f  a standard s t a t i s t i c a l  model c a l c u l a t i o n  o f  the p r o j e c t i l e  e n e r g y  

dependence o f  t h i s  isomer i -a t io .  For p r a c t i c a l  purposes, our ca  l c u -  

l a t i o n s  were d i v i ded  i n t o  three major pa r t s .  The f i r s t  p a r t  i s  concerned 

w i t h  the formation o f  the compound nucleus and the subsequent s t a t i s t i -  

ca l  evaporation i n  which neutrons, protons, a - p a r t i c l e  and y- rays a re  

emi t ted  u n t i l  a popu la t ion  d i s t r i b u t i o n  f o r  7 3 ~ e  has been formed. The 

second p a r t  cons is ts  i n  se lec t i ng  the p o r t i o n  o f  t h i s  popu la t ion  tha t  

w i  1 1  decay on l y  by y- ray emission t o  form bound-states i n  the 7 3 ~ e  re-  

s idua l  nucleus. F i n a l l y ,  the t h i r d  p a r t  c o n s i s t s  i n  i n t r o d u c i n g  a 

sharp c u t - o f f  on the angular momentum popu la t ion  i n  order t o  reproduce 

the experimental isomer r a t i o s  R ( ~ i ~ . 6 ) .  
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1 (b lack po in ts )  isomer r a t i o s  R obtained i n  
. Ear ly  resul  t s  o f  Demeyer e t  aZ7 a re  a l so  
i n t s ) .  



As t.he code ALICE f a i  1s t o  reproduce our experimental r e l a t i v e  

exci  t a t i o n  f 'unction f o r  the (a,n) channel, (see f i g .  41, we r e s t r i c t  

the discussion t o  the ca l cu la t i ons  performed w i t h  the code JULIAN. 

The 7 3 ~ e  popu la t ion  d i s t r i b u t i o n  ca lcu la ted fo l l ow ing  n e u t r o n  

decay from the compound nucleus i s  shown schemat ical ly  i n  f i g .  7. The 

top o f  the f i g u r e  shows the compound nucleus 7 4 ~ e  spi n d i s t r i bu t i o n  , 
obtained by the code ALICE and given as an input  t o  JULIAN. The 7 3 ~ e *  

popu la t ion  i s  centered around sp in  8 fi and 10 MeV e x c i t a t i o n  energy and 

1 ies  between the proton b i  ndi ng energy (-6 M ~ V )  and the neutron b i  ndi ng 

energy (-10 M ~ V )  which a r e  represented by the l i n e s  S and SN i n  f i g .7 ,  
P 

respect ive ly .  This means t h a t  a considerable f r a c t i o n  o f  t h i s  d i s t r i -  

but ion  w i l l  emit  a second chance pro ton o r  h igh  energy y- rays and on ly  

Fig.7 - 7 3 ~ e  popu la t ion  d i s t r i b u t i o n  ca lcu la ted w i t h  the code 
Ju l  ian (see tex t )  . The top o f  the f i g u r e  shows the compound 
nucleus 7 4 ~ e  sp in  d i s t r i b u t i o n .  SN and S are  the neutron and 
proton b i  ndi ng energies, respect ive ly .  &e numbers on the 
d i s t r i b u t i o n s  a re  i n  u n i t s  o f  events/MeV/R. 



a small f r a c t i o n  w i l l  deexci te by a second neutron emission. The f r a c -  

t i o n  o f  the popu la t ion  su rv i v i ng  p a r t i c l e  (n o r  p )  emission i s  shown 

schematical l y  i n  f i g .  8 and i s  now centered around sp in  10 h and about 

F ig .8  - Frac t ion  o f  the 7 3 ~ e  popu la t ion  d i s t r i b u t i o n  t h a t  
undergoes on ly  y- ray d e e x i c i t a t i o n  (see capt ion  o f  the f ig .7) .  

6 .5  MeV e x c i t a t i o n  energy. As t h i s  popu la t ion  w i l l  on ly  deexci te by y -  

-ray emission u n t i l  the isomeric o r  the ground s ta tes  has been formed, 

we may determine q u a n t i t a t i v e l y  the f r a c t i o n  o f  the populat ion tha t  w i l l  

feed each s t a t e  by in t roduc ing an angular rnornentum c u t - o f f  JI such tha t  

fo r  O < J < JI, events located i n  t h i s  region w i l l  p r e f e r e n c i a l l y  f o r m  

the i someric s ta te ,  and f o r  JI < J < J the respect ive  events w i 1 1 
max' 

form the ground s ta te .  The híghest  angular momentum i n  t h e  e n t r a n c e  

channel which forms the compound nucleus 74 Se, Jmax, i s  def  ined as the 

value f o r  which the t ransmission c o e f f i c i e n t  8, ca l cu la ted  by the op- 

t i c a l  model subrout ine PARAP", i s  T(J~,,) = 0.5. 

The values o f  the isomer r a t i o s  R ext rac ted from such an analy- 

s i s  a re  given i n  t a b l e 2  and t h e i r  energy dependence i s  compared t o  the 

experimental r e s u l t s  i n  f i g .  9 .  An o v e r - a l i  good agreement i s  obtained 

between experimental resul  t s  and the p red i c t i ons  o f  the code J U L  I A N .  

The e r r o r  bars i n  the isomer r a t i o s  R are  due t o  the Monte Carlo f e a -  



Table 2 - Sharp c u t - o f f  values J o f  the angular momentum and c a l c u -  
I 

l a ted  isomer r a t i o s  R obtained w i t h  the code J u l i a n  (see text). 

a )  a - p a r t i c l e  labora tory  energy. b) Compound N u c l e u s  7 4 ~ e  E x c i t a t i o n  

Energy . 

F ig  . 9  - Comparison between experimental i somer r a t i o s  R (black poi  nts)  
and p red i c t i ons  o f  the code JULIAN (whi t e  po in ts )  f o r  the a + 7 0 ~ e  

reac t  i on . 



t u re  o f  the code J U L I A N ~  and 

energies a re  due t o  the very 

(see f i g .  5 ) .  F igure 10 shows 

nucleus e x c i t a t i o n  energy. 

the la rge e r r o r  bars f o r  the two h ighest  

IOW values o f  the respect ive  cross-sect ions 

the general behaviour o f  JI  w i t h  compound 

Fig.10 - Energy v i i r i a t i o n  o f  the sharp c u t - o f f  angular 
momentum JI (c i  r c l es )  obtained wi t h  the code JULIAN (see 
t e x t  and tab le  2). A lso  ind ica ted are  the angular momenta 

Jmax 
i n  the entrance channel 

From the preceedi ng analysi  s  

i t  can be concluded tha t  t.he s t a t i s t  

resenta t ion  o f  the process involved.  

o f  the 7 0 ~ e  (a,n) 7 3 ~ e m ' g  reac t ion ,  

ca l  theory i s  s u i t a b l e  f o r  a rep- 

\ck have been ab le  t o  reproduce the 

isomer r a t i o s  dependence on energy w i t h  a sharp cu t - o f f  angular momen- 

tumJIfor isomeric and ground s t a t e  format ion.  I t  would be i n t e r e s t i n g  

t o  make a comparison (which i s  under way) w i t h  r e s u l t s  from 7 3 ~ e  isomer 

r a t i o s  obtainedl '  i n  the heavy ions reac t ions  160 + 6 3 ~ ~  and " s + ~ ~ s c ,  

where a la rge angular momentum popu la t ion  i s  avai l a b l e  i n  the entrance 

channel and the compound nucleus 7 9 ~ b  i s  formed a t  very high exci  t a t i o n  

energy. 



F i n a l l y ,  i t  i s  important t o  assess the  absolute cross sect ions 

i n  order t o  be sure o f  the comparison w i t h  s t a t i s t i c a l  model a n a l y s i s  

ca l cu la t i ons .  
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Resumo 

~ a z õ e s  isoméricas para o nücleo 7 3 ~ e m ~ g ,  produzido na reação 
~ t + ~ ' ~ e  no i n t e r v a l o  de energia inc idente  8<~~(MeV)<28, foram deduzidas 
u t i  l izando-se a técnica de espectroscopia y fo ra  da l inha. As seções de 
choque r e i  a t i vas dos estados i so&r i co e fundamental foram obtidas, u t  i - 
l i zando alvos de germanio na tu ra l ,  Uma aná l ise  e s t a t í s t i c a  de n ú c l e o  
composto f o i  efetuada com os códigos ALICE e JULIAN, obtendo-se um bom 
acordo en t re  os dados experimentais e os resu l  tados do programa JULIAN. 
As populaç6es em momento an u l a r  para formação do estado isomérico fo-  
ram determinadas na reagso '~Ge(a,n)'~Se. 


