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Résumé - Des études de radioactivité f$-y de noyaux exotiques légers riches 
en neutrons ont été réalisées sur la ligne LISE à GANIL. Ces isotopes ont été 

produits par fragmentation des ions Ar de 60 MeV/nucléon sur une cible de 
Be. L'association d'un dégradeur convenablement profilé à la séparation 
magnétique classique, permet d'isoler spatialement les isotopes formés. Au 
moins 9 isotopes ont été observés pour la première fois par des mesures de 
coïncidence g-y- Les résultats obtenus sont comparés aux prédictions données 
par différents modèles. 

Abstract - Radioactive studies of light neutron rich exotic nuclei from C to 
40 

S have been performed on the LISE line at GANIL. These isotopes were produced 
via projectile fragmentation of 60 MeV/nucleon Ar on Be. The adjunction of 
an energy degrader with appropriate shape is shown to allow the use of the LISE 
spectrometer for a projectile fragment isotopic separation. At least 9 nuclei 
were observed for the first time through g-y coincidence measurements. The pre
dictive power of different models for 6 decay properties is examined. 

I - INTRODUCTION 

In order to study the radioactive properties of exotic species, one needs firstly to 
produce these nuclei with the high rates compatible with B, y, p, a or n spectrosco
pies and secondly to have them separated from the variety of isotopes present at the 
same time. In the GANIL energy domain, the projectile fragmentation mechanism has been 
successfully used to produce exotic nuclei /l - 4 / . As far as total production rates 
are concerned, this method seemed not too favorable at first sight. Indeed compared to 
the widely used target fragmentation mechanism induced by relativistic light particles 
the available beam intensities and the thicknesses of targets are much lower in the 
former case. But, the kinematical properties of forward focussing of the projectile 
fragmentation allow the separation of elements not accessible to classical ion sources. 

Among all methods used to separate radioactive nuclei, magnetic analysis combined 
with detection into a focal plane detector system is particularly powerful for identi
fying projectile fragments, as it was firstly shown with relativistic heavy ions /5-7/ 
In this case, the selected nuclei are then electronically identified from a mixture of 
isotopes. The magnetic spectrometer LISE at GANIL /8/ and the reaction product mass 
separator (RPMS) at MSU /9/ designed for the study of exotic nuclei allow such a sepa
ration method. Thus a large number of new isotopes lying as well on the neutron as on 
the proton rich side have been identified at LISE using time of flight plus AE x E mea-
surements /1,2,4/. At the RPMS new 6 deeay half lives have been measured for light neu-

* 'Experiment performed at the GANIL National Laboratory in Caen, France 
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t r o n  r i c h  isotopes 1101. I n  t h i s  l a s t  case,  the  stopping s o l i d  s t a t e  de tec tor  is  simul- 
taneously used as  heavy i o n  and 6 detector .  The pos i t ion  s e n s i t i v i t y  allow a correla-  
t i o n  t o  be made between the p o s i t i o n  of the inc iden t  fragment and t h e  decay e lec t ron .  

A new technique has been developed on LISE by our group i n  o rder  t o  ge t  an almost 
complete mass and charge separa t ion  /11/.In the  case of gamma spectroscopy one cannot 
r e l y  on an e l e c t r o n i c  i d e n t i f i c a t i o n  t o  assoc ia te  unambi~uously the  decay proper t i es  
with a given (A, Z) nucl ide and a physical  separat ion i s  highly des i rab le .  The ad- 
jonct ion of a n  intermediate  degrader between the two dipoles  of the  LISE spectrometer 
allows t o  s e l e c t  a few nucl ides o r  a given (A, 2 )  frapment depending on the s p e c i f i c  

case . Neutron r i c h  n u c l e i  produced i n  the  fragmentation of 4 0 ~ r  (60 A.MeV) have then 
been separated and B-y spectrosropy has been car r ied  on f o r  the f i r s t  time f o r  several  
cases. P a r t  of the  experimehtal r e s u l t s  have been obtained a t  CERN using a t ranspor t  
beam l i n e  a s  a crude approximation of LISE 112,131. 

I n  the following, sec t ion  2 presents  t h e  p r o j e c t i l e  fragment i so top ic  separat ion 
method and the calculated s e l e c t i o n  proper t i es  of the  LISE l i n e .  Then the new radio- 

a c t i v e  decay proper t i es  of the s tud ied  nuc le i  from "C t o  4 0 ~  a r e  given i n  s e c t i o n  3. 

I1 - THE PROJECTILE FRAGMENT ISOTOPIC SEPARATION (PFIS) METHOD 

11-1 Experimental set-up 

The experimental device f o r  which the ana lys i s  has been developed is  the spectrometer 
LISE which is  a system cons i s t ing  e s s e n t i a l l y  of two i d e n t i c a l  dipoles  D, and D2 as 

schematically shown i n  f i g .  1. I n  the foca l  plane of the f i r s t  dipole ,  ad jus tab le  

Fig. 1 : Schematic drawing 
of the  LISE spectrometer 

a t  GANIL 

sli ts allow one t o  l i m i t  t h e  magnetic r i g i d i t y  acceptance of the  l i n e .  For the  PFIS 
method, an energy degrader made of  an aluminium wedge with a thickness  ranging from 
2 0 0 ~  and 140Op was placed behind the sl i ts .  Af te r  transmission through the second 
d ipo le  t h e  se lec ted  p r o j e c t i l e  fragments (PF) entered the counting a r e a  (see f i g .  2 ) .  
These fragments were d i sc r i~p ina ted  according t o  t h e i r  t o t a l  ranges i n  A 1  using a s e t  
of  f o i l s  placed 1 meter ahead of the  de tec tors .  F ina l ly  t h e  se lec ted  nuc le i  were 
stopped i n  a ca tcher  tape surrounded by a b e t a  p l a s t i c  s c i n t i l l a t o r  and an u l t r a  pure 
high e f f ic iency ,  high reso lu t ion  i n t r i n s i c  Ge gamma de tec tor .  



Fig. 2 : Sketch of the  experimental 
set-up allowing the range s e l e c t i o n  
and the  study of gamma spectroscopy 
i n  coincidence with b e t a  decays 

DEGRADERS 

CATCHER 4 FOIL 

MAGNOSTlC SCINTILLATOR 

11-2 Principe of the  method 

1 

The method used t o  separate  a d e f i n i t e  nucleus of atomic charge Z and atomic mass A 
c o n s i s t s  i n  the followine, s t e p s  : 

i )  I f  one assumes t h a t  the p r o j e c t i l e  fragmentation mechanism is  ve loc i ty  con- 
serving,  the f i r s t  dipole  provides a s e l e c t i o n  according t o  the r a t i o  r l  = A / Z  s ince  

where E i s  the  energy i n  MeV of the  (A, 2 )  ion ,  and Bpi the  magnetic r i g i d i t y  i n  T.D. 
i i )  After  the  f i r s t  dipole ,  the se lec ted  ions undergo a slowing-down i n  a thick 

degrader and lose momentum d i f f e r e n t i a l l y  according t o  t h e i r  A and Z.  This momentum 
l o s s  i s  exp lo i ted  by the  second dipole t o  provide a second separat ion ins ide  the  sub- 
s e t  of nuc le i  having A/Z constant.  The c h a r a c t e r i s t i c  property of t h i s  second selec-  
t i o n  i s  derived from a simple empirical re la t ionsh ip  (obtained by f i t t i n g  t h e  range 
energy tab les  of Hubert e t  a l . / 1 4 /  i n  the GANIL energy domain) giving the range R of 
a (A, Z) nucleus having an energy E : 

K and A being constants  depending on the stopping mate r ia l  only. The i n t e r e s t  of t h i s  
expression is t h a t  f i r s t l y  i t  gives a simple formula f o r  the energy Ed of the ions a t  

the e x i t  of a degrader : 

d being the thickness  of the  degrader. Secondly, combining r e l a t i o n s  (1) and (2) one 
can express the  range as  a funct ion of  A,  Z and Bp only : 1 

It follows t h a t  the magnetic r i g i d i t y  Bp2 of the second dipole,  may be expressed a s  
a funct ion of d and Bp only : 

1 

For a given Bpl value,  the ions not  discr iminated by Bp2 a r e  those having the same 

range i . e .  the same value of the  r a t i o  r2 = A ~ - ~ / z ~ - ~  a s  shown by eq. (4) .  Using 

A = 3.50, the value f o r  an aluminium degrader, t h i s  r a t i o  may be wr i t t en  a s  

/Z . The second dipole provides thus a s e l e c t i o n  according t o  the r a t i o  r '2 = A2.5 2' 
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Fig. 3 : The two s e l e c t i o n s  of the PFIS method i n  the (N, Z) plane 

The remarkable fea ture  of these 2 se lec t ions  character ized by r l  and r2 respec- 

t i v e l y  is  t h a t  they depend n e i t h e r  on the beam energy and nature ( i n  the  intermediate  
energy range) nor on the tuning of the l i n e  o r  on the degrader thickness. In  f i g .  3 
represent ing a p a r t  of  the char t  of nucl ides i s  shown how these 2 s e l e c t i o n s  work. The 
ions se lec ted  by the f i r s t  dipole  a r e  located on the s t r a i g h t  l i n e s  corresponding t o  
severa l  A/Z r a t i o s  (represented from 1.75 t o  3 ) .  The ions se lec ted  by the second di-  

pole a r e  located on the curves corresponding t o  several  A ~ . ~ / z ~ ' ~  r a t i o  (represented 
from 30 t o  250). Each se lec t ion  has a given width i n  the ( N ,  Z) plane l o c a l l y  repre- 
sented by the dot ted l i n e s  and the nuc le i  t ransmit ted by the spectrometer a re  located 
i n  a ( N ,  Z) domain such as  represented by the l i g h t l y  hatched area.  The separat ion 
of any produced (A, Z) nucleus i s  rea l ized  by a cor rec t  tuning of the 2 dipoles  accor- 
ding t o  t h e  following r e l a t i o n s  (obtained when combining eqs. (1) t o  (5)) : 

K,, K2 and X being constants  charac te r iz ing  the slowing-down process i n  the mater ial  

a t  intermediate  energy. 

11-3 Select ion performances of the l i n e  

11-3-1 Optimum t a r g e t  thickness and transmission y i e l d s  

Since the method is  intended f o r  exo t ic  nuc le i  separat ion,  one seeks t o  use a t a r g e t  
a s  th ick  a s  possible  t o  increase the counting r a t e .  An increase of the  t a r g e t  thick- 
ness enlarges the energy d i s t r i b u t i o n  of the PF a t  the e x i t  and may cont r ibu te  t o  an 
increase  of the mass acceptance. Consequently i t  is of prime importance t o  determine 
t o  which ex ten t  the increase i n  t a r g e t  thickness enhances the counting r a t e  and not 
only contr ibutes  t o  an increase i n  the mass acceptance of the  system. 

In  the t a r g e t  two processes broaden the energy spectrum of the PF : 
i )  the slowing-down process which gives d i f f e r e n t  energy losses  f o r  the incident  

ion and the PF. 
i i )  the nuclear  react ion which induces an almost gaussian dispersion.  
These two processes have a maximum e f f e c t  f o r  PF observed f a r  away from the inc i -  

dent ion. 



11-3-2 Ef fec t  of the intermediate degrader : achromatism of the l i n e  and mass resolu- -. 
t l o n  - 

The introduct ion of a thick degrader between the 2 dipoles  allows t o  physical ly  iso-  
l a t e  a given (A, Z) nucleus. But one can wonder about the c h a r a c t e r i s t i c s  of the l i n e  
when using such a degrader. We w i l l  see i n  what follows t h a t  the degrader may be 
s haped i n  thickness i n  order  to  preserve the  achromatism of the  l i n e .  Consequently 
the emittance of the secondary beam and the image s i z e  a t  the e x i t  a r e  kept a t  a low 
l e v e l .  The p a r t i c l e s  en te r ing  the  degrader a t  the absc i ssa  x (Ox being the hor izon ta l  
ax i s  i n  the foca l  plane and 0 the foca l  point)  have a magnetic r i g i d i t y  
Bp,(x) = Bp,(l + x/D,) where D ,  i s  the dispersion of the f i r s t  dipole  expressed i n  

cmj% Bp. ~ f ; e r  the degrader the value BP2(x) i s  given by eq. (5) where BP2,  B P I ,  d 
1 L 

- 

and R a r e  now depending on x. The achromatism of the l i n e  i s  conserved i f  Bp (x) and 1 
Bp7(x) a r e  proport ional  f o r  a l l  x values.  This i s  not t r u e  i n  most general cases. But - 
i f  the shape d(x) of the degrader i s  such t h a t  d(x)/Rl(x)  i s  independent of x ,  the 

achromatism of the l i n e  i s  conserved. This condition i s  f u l f i l l e d  with a wedge-shaped 
degrader of the  following type (deduced from eqs. ( 4 )  t o  (5)) : 

This is a very simple formula where do i s  a f r e e  sca l ing  parameter equal to  the 

degrader thickness on the o p t i c a l  a x i s .  The most s t r i k i n g  r e s u l t  i s  t h a t  the wedge 
shape allowing t o  conserve the achromatism of the l i n e  is  independent of the mass, 
charge and energy of the s tudied ions a s  well a s  the tuning of the l i n e .  

One may ca lcu la te  the t h e o r e t i c a l l y  achievable mass reso lu t ion  with such a wedge. 
One f inds  : 

A A - l  D2 
"=X q 7& 

where D2 and Q1O represent  the  dispersion of the second dipole and the nominal image 

s i z e  of the  spectrometer before the i n s e r t i o n  of the  wedge. For the LISE spectrometer 
using, DI) = 2.25 em/%, - 4mm, X = 3.5 and d o / ~ l  = 0.5 ( i . e .  a degrader thickness 

. . 

equal t o  half  the t o t a l  range of the ions a t  the e x i t  of the f i r s t  dipole)  one f inds  
(AIAA) = 200. In  t h i s  case the f i n a l  image becomes 8mm wide. From an experimental 

po in t  of view the reso lu t ion  measured on 3 7 ~  formed by fragmentation of 60 A.MeV 4 0 ~ r  
i s  2, 100. 

As a conclusion of t h i s  paragraph, the preceding analysis  gives a p rec i se  descrip- 
&ion of the most s u i t a b l e  geometry of the intermediate wedge-shaped degrader i n  order  
t o  conserve the achromatism of the l i n e  and t o  ob ta in  the maximum mass resolut ion.  Only 
an upper value of the reso lu t ion  i s  obtained. This est imate ind ica tes  t h a t  the degra- 
d e r ' s  thickness must be a t  l e a s t  half  the t o t a l  range of the  ions a t  the e x i t  of the 
f i r s t  dipole  when a mass reso lu t ion  of 200 i s  desired.  

I11 - STUDIES OF RADIOACTIVE NUCLEI 

Neutron r i c h  nuc le i  have been produced v ia  the p r o j e c t i l e  fragmentation of 60 VeV/nu- 
40 

cleon A r  on a 190 mg/cm2 Be t a r g e t .  The mean thickness of the A 1  intermediate energy 
2 degrader was 180 mg/cm . 

As the slowing-down process i n  thick mater ial  i s  an e s s e n t i a l  par t  of the method, 
the used range-energy r e l a t i o n s  were f i r s t  checked. A s l i p h t  correct ion was then appli- 
ed t o  b e t t e r  descr ibe the experimental ranges. The check of the magnetic r i g i d i t y  deter- 

2 1 minations has been done with already known isotopes l i k e  15c, 0, 2 5 ~ e  and 3 0 ~ f g .  They 
were i d e n t i f i e d  by t h e i r  y spectrum recorded i n  coincidence with t h e i r  6 decay, and 
the measure of t h e i r  h a l f - l i f e  which was car r ied  out  using pulsed beam. The influence 
of the Bp2 tuning i s  much more c r i t i c a l  than t h a t  of Bpl i f  one wishes to  transmit 
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a given isotope. In  a l l  cases the maximum counting r a t e  was prec i se ly  observed f o r  the 
"a p r i o r i "  t h e o r e t i c a l  values. The A and Z of nuclei  with unknown decay proper t i es  
were then deduced from the measurements of Bp and B p 2 .  The recorded spectrum f o r  the 
study of a (A, Z) nuc le i  presents  several  conkaminants. The f i r s t  ones a r e  those not 

discr iminated by the second s e l e c t i o n ,  i . e .  nuclei  havinp the sa.ne rp - A 2 . 5 / ~ 1 . 5  ra- 

t i o  : the (A, Z) and ( A + 3 ,  2 + 2 )  isotopes a re  always present  i n  the same spectrum. Se- 
condly, the f i n i t e  reso lu t ion  of the second s e l e c t i o n  introduced by the presence of a 
diaphragm allows the transmission of the ( A + ] ,  Z + l ) ,  ( A + 2 ,  2 + 2 )  and ( A - 2 ,  2-1) nuclei  
F ina l ly ,  the daughtersof these nuc le i  a re  a l s o  observed. But i t  must be emphasized 
t h a t  a (A, Z + 1 )  nucleus i s  never d i r e c t l y  t ransmit ted by the l i n e  i f  cor rec t ly  tuned 
f o r  a ( A ,  Z)  nucleus but is  present  only as  a daughter a c t i v i t y .  In p r a c t i c e ,  the ere.. 
sence of well-known contaminants even with a count-rate comparable t o  the nucleus of 
i n t e r e s t  i s  supportable. However the amount of contaminant ions simultaneously trans.- 
mit ted by the second dipole i s  s t rongly  dependent on B p l  and can then be reduced. 

Several types of information were obtained i n  t h i s  study : 
- the evolution of the a c t i v i t y  of each y ray measured i n  coincidence with 3 decay 

i n  funct ion of time. The measured ha l f - l ives  a r e  l i s t e d  i n  table  1. 
- the  energy of each y ray,  the uncertainty on the energy values being always lo- 

wer than 1 keV. 
- the  r e l a t i v e  i n t e n s i t y  of each y l i n e .  In  t ab les  2-8, they have been normalizec 

on the most in tense  l i n e .  The i n t e n s i t y  values have been calculated from an accurate  
study of the e f f ic iency  of the y de tec tor .  The absolute e r r o r s  quoted i n  the various 
t a b l e s  represent  s t a t i s t i c a l  uncer ta in t ies  only. 

- i t  i s  beyond the  scope of t h i s  paper t o  present  p rec i se  B decay schemes of the 
measured nucleus o r  l eve l  schemes of the daughter nucleus. But using simple considerzl- 

t ions  of y energy balance and r e l a t i v e  y ray i n t e n s i t i e s ,  new information on leve l  erler 
g i e s  and on the feeding of these leve l s  is presented f o r  some simple cases. 

- s ince  long the  sd s h e l l  nuclei  represent  an idea l  t e s t  case t o  shell-model cal tu-  
l a t i o n s ,  the number of nucleons being i n  the r i g h t  range : i )  large enough t o  allow $.he 
mean p o t e n t i a l  approximation and i i )  small enough t o  l i m i t a t e  the number of ind iv idu i~ l  
s t a t e s  t o  consider i n  the calculat ion.  For neutron r ich  nuc le i ,  Wildenthal e t  a1 1 1 5 , '  
have calculated t o t a l  half- l ives  and decay p r o b a b i l i t i e s  t o  individual  daughter s t a t e s .  
Recently ca lcu la t ions  have been performed by Woods 1 1 6 1  f o r  l e v e l  scheme of neutron 
r i c h  nuc le i  with A = 35-4J. Comparison of the predict ions with experimental r e s u l t s  
w i l l  be presented when it is  possible .  

111-1 Half - l i fe  measurements 

The ha l f - l ives  measured i n  t h i s  work a r e  l i s t e d  i n  t ab le  1 when they represent  a 
f i r s t  measurement only. The decay curves of the most prominent observed y rays a r e  pce- 
sented i n  f i g .  4 .  For comparison the t h e o r e t i c a l  predict ions given by the gross theory 

Isotope Measured half-life Predicted half-life (s) 
( 6 )  

this work Ref.17 Ref. 18 Ref.19 Ref. IS 

Table I : Measured and predicted ha l f - l ives  of new isotopes.  Absolute uncer ta in t ies  
a r e  given i n  parentheses. 



Fig. 4 : The B-decay ha l f - l i f e  data  
from t h i s  experiment along with t h e i r  

bes t  f i t  curves 

TIME ( s .  1 

of nuclear  B decay 117,181, the calculat ions of Klapdor e t  a l .  1191 and those of 
Wildenthal e t  a l .  I151 a r e  a l so  given i n  t ab l e  1. On the overa l l  the measured half-  
l i v e s  l i e  between the calculated values. One can not ice  t ha t  the recent  modifications 
of the gross theory of 6 decay give a b e t t e r  agreement when compare t o  the experimen- 
t a l  values f o r  even-even nuc le i  only. The microscopic calculat ions r e f .  19 ce r t a i n ly  
a re  improvements over the gross theory of 6 decay pa r t i cu l a r l y  i n  t h i s  t rans i t ionna l  
region with a neutron s h e l l  c losure a t  N = 20. Nevertheless, the r e l i a b i l i t y  of such a 
model is  s t i l l  l imited. With regards t o  the calculat ions of r e f .  15 f o r  the sd  s h e l l  
nuc le i ,  the agreement with experimental ha l f - l i f e  values is qu i t e  good. 

111-2 6-y Spectroscopic measurements 

~II-2-1. B decay of 7~ . 
The B decay ha l f - l i f e  of "C was recently measured I101 by use of a technique which 
consisted of repeated measurements of the time i n t e rva l  between the detect ion of 

I7c and i t s  associated be ta  pa r t i c l e .  The energy and i n t ens i t y  of the y rays of the  

17c 6 decay measured i n  the present  study, a r e  l i s t e d  i n  tab le  2. These y rays can be 
f i t t e d  i n to  the known l eve l  shheme of 1 7 ~  1201 as  i t  i s  shown i n  t ab l e  2. 

E (keV) I 
Y 

E.  + Ef 
Y 

This work Ref .2O 

Table 2 : Energy and i n t ens i t y  of the 
y-rays measured i n  coincidence with the 

6 decay of I7c. 
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111-2-2.6 decay of "N 

The mass excess and exci ted s t a t e s  of t h i s  nucleus a r e  p resen t ly  known. The decay of 

19N is  presented here f o r  the f i r s t  time.0ne y l i n e  has been unambiguously i d e n t i f i e d  

i n  the y spectrum recorded i n  coincidence with the $ decay of 19N. This 94.6 keV y ray 

corresponds t o  the t r a n s i t i o n  between the known f i r s t  exc i ted  s t a t e  of ''0 and the  
ground s t a t e .  

111-2-3. The case of 220 

The h a l f - l i f e  of 220 i s  p resen t ly  known /7/ = 910 f 350ms). The energy and inten- 

s i t y  of the y rays a t t r i b u t e d  t o  the f? decay of 220 a r e  l i s t e d  i n  t a b l e  3. These y 

rays f i t  well a s  t r a n s i t i o n s  between known l e v e l s  of 2 2 ~  /20/.  Fig. 5 gives the  s p e c t r a  

recorded i n  a = 10 hours experiment. In  these s p e c t r a  "F i s  p resen t  a s  daughter a c t i -  

v i t v .  The contaminants a r e  e s s e n t i a l l v  2 5 ~ e  and i t s  descendant 2 5 ~ a .  Their Dresence a r e  

understandable a s  220 and 2 5 ~ e  have almost i d e n t i c a l  ( A ~ . ~ / Z ~ . ~ )  values and a r e  thus 
n o t  discr iminated by the second dipole se lec t ion .  A surpr i s ing  r e s u l t  i s  obtained when 
analysing the 637 keV y l i n e .  Indeed i t  appears c lea r ly  when comparing f ig .5a and f i g .  
5b t h a t  the measured in tegra ted  a c t i v i t y  is  higher  during beam-off cycles  than during 

This work Ref. 20 
Table 3 : Energy and i n t e n s i t y  of the 

637.6 100 660 -t 0 y rays measured i n  coincidence with 

918.3 31 (9) 1570 4 660 the B decay of 220. 
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5 40 

Fig. 5 
20 y-ray spectra  measured 

i n  coincidence with $- 

0 
decay of 220. 

500 1500 500 1500 
Energy ( keV ) 

the  beam-on ones whereas t h e  opposi te ,  and expected, behavior is  not iced f o r  o t h e r  y 
l i n e s .  The 637 keV y-ray a c t i v i t y  i s  p l o t t e d  i n  f i g . 6 a  a s  a funct ion of time. Here 
again anomalous v a r i a t i o n s  a r e  observed s ince  the increase-decrease of the a c t i v i t y  
a r e  delayed. As an example of expected evolut ion,  f i g .  6b provides t h e  count-rate 
measured on the 90 keV y l i n e  emitted i n  coincidence with the 6 decay of the conta- 
minant 2 5 ~ e .  Detai led ana lys i s  of the experimental conditions allow us t o  conclude 
t h a t  t h i s  behavior i s  l i k e l y  in te rpre ted ,  with a high l e v e l  of confidence, as  due 



t o  the exis tence of an isomeric s t a t e  i n  *'0 which decay toward the 0+ ground s t a t e  
with an h a l f - l i f e  between 0.5s and I s .  Direct  observation of isomers cannot be done 
i n  the present  experiment s ince only y spec t ra  measured i n  coincidence with B are  
recorded. 220 could be a semi-magic nucleus, l i k e  6 8 ~ i  and with a proton 
closed s h e l l  and a neutron half-closed s h e l l .  Both nuc le i  6 8 ~ i  and show a 
O+ f i r s t  exci ted s t a t e  which corresponds t o  a deformed isomeric s t a t e  1211. The 
exis tence of an isomeric s t a t e  i n  a neutron r i c h  sd nucleus with a q u i t e  long 
h a l f - l i f e  a t t r a c t s  p a r t i c u l a r  i n t e r e s t  i n  terms of nuclear  s t r u c t u r e .  Further  ex- 
periments a r e  needed t o  confirm (or  avoid) t h i s  presumption and a r e  planned i n  the  
near fu ture .  

Fig. 6 a )  
637 keV y 

b 

Evolution of the count-rate of the 220 
l i n e  during beam on and beam o f f  cycles  
the same as  (a)  f o r  the  90 keV of 25Ne 

TiME I s 

111-2-4, B decay of 2 4 ~  

One y l i n e  has been i d e n t i f i e d .  This 1982 keV y l i n e  corresponds t o  the t r a n s i t i o n  t o  
the  ground s t a t e  of the known f i r s t  exc i ted  l e v e l  of 2 4 ~ e  1201. She l l  model calcula- 
t ions  have been done i n  r e f .  15 f o r  2 4 ~ .  Two predict ions a r e  given s ince  there  i s  an 
ambiguity on the s p i n  ground s t a t e .  On the one hand, the measured h a l f - l i f e  agrees with 
a 2+ ground s t a t e  assumption. On the o ther  hand only the 1982 keV l i n e  i s  observed 
while 2 4 ~  i s  ~ r e d i c t e d  t o  ~ r o c e e d  dominantly t o  the  1981 and 3867 keV l e v e l s  of 24Ne. 
No t r a n s i t i o n  between these 2 l eve l s  has  been observed (with R = I(1886 keV)/I(198lkeV) 
< 5%) whereas r e f .  15 would p r e d i c t  R = 33% and R = 10% with the assumption of 2+ and 
3+ ground s t a t e  respect ively.  

111-2-5.0 decav of 2 6 ~ e  

One y l i n e  has been i d e n t i f i e d  a s  following the decay of 2 6 ~ e .  This 233.5 keV l i n e ,  
would correspond t o  the t r a n s i t i o n  t o  the ground s t a t e  of the known 241 + 31 l e v e l  
i n  26Na. Due t o  the s t rong a c t i v i t y  measured f o r  the daughter nucleus the decay of 
2 6 ~ e  i s  l i k e l y  t o  occur toward low exci ted s t a t e s  of 2 6 ~ a .  This 
r e s u l t  is  cons i s ten t  with predict ions of r e f .  15 which ca lcu la te  90% feeding of the 
f i r s t  2 6 ~ a  l e v e l ,  i f  one assumes t h a t  the e x c i t a t i o n  energy of t h i s  l e v e l  i s  lower 
than 45 keV, our experimental threshold. 
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111-2- 8 decay of 33-34~1 isotopes 

No y a - i v i t y  could be associated t o  the 6 deca of 33~1. I n  the recorded spectrum 
the  most important observed y rays belong t o  33-34Si and 3 6 ~ .  The presence of 33~ i  
undoubtly i n d i c a t e  t h a t  3 3 ~ 1  was produced and t ransmit ted by the LISE l i n e .  The 3381 
decay i s  l i k e l y  not observed due t o  the s t rong  d i r e c t  feeding of the ground s t a t e  i n  
33Si. This r e s u l t  is  i n  agreement with the r e f .  15 which pred ic t s  t h a t  95% of the 6 
decay populate the ground s t a t e  o r  neutron unbound s t a t e s .  

One y-ray has been i d e n t i f i e d  i n  the 0 decay of 3481. This 123.9 keV l i n e  does 
no t  f i t  i n t o  the recen t ly  s tudied leve l  scheme of 34Si 122,231. 

111-2-74 B decay of 35-36~i isotopes 

Seven y l i n e s  have been a t t r i b u t e d  t o  the B decay of 3 5 ~ i  ( t a b l e  4).  Only 3 y rays can 
be f i t t e d  i n t o  the recen t ly  measured 3 5 ~  l e v e l  scheme 1241. These l i n e s  correspond t o  
t r a n s i t i o n  toward the ground s t a t e  of the  lowest exci ted s t a t e s  i n  3 5 ~ .  From tab le  4, 

E (keV) I E.  -+ E 
Y Y 1 f 

This work (Ref. 24 + t h i s  work') 
- 

242.3 66 (4) 4099++ 3857 
Table 4 : Energy and i n t e n s i t y  

393.3 42 (4) 4493 -t 4099' of the y rays measured i n  coin- 

634.3 17 (4) 4493 + 3857 
cidence with the decay of 35~i. 

one can see  t h a t  the 4099 keV l i n e ,  cannot be f i t t e d  i n t o  the proposed 3 5 ~  leve l s .  As 
the most in tense  t h i s  t r a n s i t i o n  must proceed from a new leve l  a t  4099 keV t o  the 
ground s t a t e  of 3 5 ~ .  The 242 keV l i n e  i s  thus a t r a n s i t i o n  between t h i s  s t a t e  and the 
previously known l e v e l  a t  3857 keV. 

The energy and i n t e n s i t y  of the y l i n e s  observed i n  the decay of 3 6 ~ i  are  l i s t e d  
i n  t ab le  5. There is  some uncertainty i n  the l i t t e r a t u r e  over the energy of the f i r s t  

E (keV) I 
Y Y 

Ei  -+ Ef 

This work (Refs. 25, 22) Table 5 : Energy and i n t e n s i t y  
of the y rays measured i n  coin- 

175.7 100 (5) 426 + 251 cidence with the decay of 3 6 ~ i  
251.0 9 7 ( 5 )  251-t  0 
425.8 5 2 ( 5 )  426- t  0 
878.9 50 (6) 
922.3 1 7 ( 5 )  

1855.3 46 (8) 

exc i ted  s t a t e  i n  3 6 ~ .  Ref. 25 reported a s t a t e  a t  (252 + 1O)keV while r e f .  22 reported 
a s t a t e  a t  (450 f 22)keV. The presence i n  the spectrum of the 3 f i r s t  l i n e s  a s  shown 
i n  t ab le  5 ( the  176 keV l i n e  being exact ly the  d i f f e r e m e  between the  two followings) 
s t rongly  supports the exis tence of both the 251 keV and 426 keV l e v e l s  i n  3 6 ~ .  

111-2-8 decay of phosphorus isotopes 

The l a s t  known phosphorus i so tope  is  3 6 ~ ,  s tud ied  by H i l l  e t  a l .  /26/. They only ob- 
served th ree  y rays.  Compared t o  t h e i r  r e s u l t s ,  18 new l i n e s  were observed i n  the  pre- 
s e n t  study. Much information i s  ava i lab le  on l e v e l s  on 3% and 14 exc i ted  leve l s  up t o  
7.12 MeV a r e  p resen t ly  known /20/. Most of the  observed y l i n e s  can be f i t t e d  i n t o  the  
pro osed decay scheme. Four new leve l s  a r e  l i k e l y  present .  A more complete decay scheme 
of  36P aind new 36s l e v e l s  w i l l  be published l a t e r .  



Energy ( M e V )  

The energy and i n t ens i t y  of the y l i n e s  a t t r i bu t ed  t o  the B decay of 3 7 ~  a r e  l i s -  
ted i n  tab le  6. The contaminant nuclei  a t  the 1 to. 5% l eve l  a re  3 6 ~  and 3 9 ~ .  The 
y1 = 647 keV and y = 752 keV t r ans i t i ons  correspond t o  the feeding of the already 
known f i r s t  exc i te8  s t a t e s  i n  37s 1271. A peak observed a t  2230 keV corresponds t o  the 
sum of the 646 and 1583 key gammas ; i t s  i n t ens i t y  f i t s  t o  the calculated one assuming 
t ha t  the high e f f ic iency  Ge detector  worked a s  a t o t a l  sum de tec tor  f o r  the cascade 
1582 -+ 646 . This es tab l i shes  a new leve l  a t  2229 keV i n  3 7 ~ .  

E (keV) I E. -+ Ef 
Y Y 

This work (Ref. 2; + t h i s  work') Table 6 : Energy and i n t ens i t y  of 
the y rays measured i n  coincidence 

646.3 100 (3) 646 -+ 0 with the decay of 3 7 ~ .  
751.3 7 ( I )  1397 -+ 646 

1582.9 75 (5) 2229+ -+ 646 
2100.8 4 (1) - - 
2254.0 6 (1) 

Two l i ne s  have been i den t i f i ed  i n  the f3 decay of 3 8 ~  ( tab le  7). Excited l eve l s  
of 38s have been recently invest igated 1281. Only the 1293 keV l i n e  can be f i t t e d  i n to  
the proposed l eve l  scheme. 

E (keV) I 
Y 

Ei -+ Ef 
Y 

This work (Ref. 28) 

Table 7 : Energy and i n t ens i t y  of 
the y rays measured i n  coincidence 
with the decay of 3 8 ~ .  

111-2-9 6 decay of 4 0 ~  

Four y rays have been a t t r i bu t ed  to  the decay of 4 0 ~  ( t ab l e  8 ) .  Excited leve ls  i n  4 0 ~ 1  
have been recent ly  s tudied v i a  char  e exchange react ion 1291. The 212 and 433 keV l i n e s  
can be f i t t e d  qu i t e  well i n t o  t h i s  f 0 C 1  l eve l  scheme a s  it i s  t en t a t i ve ly  shown i n  
tab le  8. The measured r e l a t i ve  i n t ens i t i e s  ind ica te  tha t  no D feeding of the 212 keV 
l e ve l  i s  l i ke ly  t o  occur. 

E(keV) I 
Y 

Ei -+ Ef 
Y 

This work (Ref. 29) 

Table 8 : Energy and i n t ens i t y  of the Y 
rays measured i n  coincidence with the 
decay of 4 0 ~ .  
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I V  - CONCLUSION 

Th i s  paper  r e p o r t s  on some r e c e n t  s t u d i e s  of  l i g h t  neu t ron  r i c h  n u c l e i  performed i n  
t h e  GANIL energy domain. From an exper imenta l  p o i n t  of view, the  accen t  i s e s p e c i a l l y  
g iven on a new method which a l lows t o  use  the  magnetic spect rometer  LISE a s  an  i s o t o p i c  
s e p a r a t o r  by the  ad junc t ion  of an  in t e rmed ia t e  energy degrader  between the  2 d i p o l e s .  
New 6 decay h a l f - l i v e s  and a-y spec t roscop ies  a r e  p resen ted .  The ~ r e d i c t i v e  power of 
d i f f e r e n t  models i s  examined.Concerning the  h a l f - l i v e s ,  t he  p r e d i c t i o n s  of Wildenthal  
e t  a l .  g i v e  the  b e s t  agreement b u t  they a r e  un fo r tuna te ly  r e s t r i c t e d  t o  the  s d  s h e l l  
n u c l e i .  As f a r  a s  decay p r o b a b i l i t i e s  and e x c i t e d  l e v e l s  a r e  concerned the  comparisons 
o f  t he  e x i s t i n g  p r e d i c t i o n s  i n  the  s t u d i e d  r e g i o n w i t h  the  exper imenta l  r e s u l t s  do 
n o t  a l low a d e f i n i t e  conclus ion i n  the  p r e s e n t  s t a g e  of development. A c l o s e  co l l abora -  
t i v e  i n t e r p l a y  between experiment and theory i s  needed t o  so lve  n u c l e a r  s t r u c t u r e  
problems. 
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