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Brookhaven National Laboratory, Upton, New York 11973 

October 31-November 1, 1977 

Foreword 

A Workshop on Isotope Sepa;ator On-Line (ISOL) Systems was held at 
Brookhaven Monday, October 31 and Tuesday,' November 1, 1977. The workshop was the 
initial step in a review leading to the establishment of an ISOL system for 
the study of mass separated fission products at the BNL High'Flux Beam Reactor. 

This system ts called "TRISTAN-11", and is virtu'aliy identical to the 
separator which had been operational at the Ames Research Reactor up to its 
shutdown at the end of 1977. The review has led to a positive decision con- 
cerning the installction of TRISTAN,at the HFBR, and the installation will be 
completed before the summer of 1979. 

In this set of proceedings are contained most of'the papers presented at 
the workshop. They cover a wide range of topics including delayed neutron . 
emission, tunable dye-laser spectroscopy, perturbed angular correlations, 
solid state applications, nuclear theory, and nuclear spectroscopy. It is 
hoped that they will. convey to the reader a feeling for the exciting newphysics 
research opened up by ISOL systems. 

We are indebted to John C. Hill, Iowa State University, for his energetic 
leadership in establishing the planning for the workshop,ankl in contacting 
prospective speakers. The success of the meeting was further enhanced by the 
capable Public Relations staff at Brookhaven in making arrangements for the 
workshop, and by the expert assistance of Mrs. Cora Feliciano. 

Robert E. Chrien 

- iii - 



Schedule for BNL Workshop on ISOL Systems 

Su?day, October 30, 1977 

Registration 2:00 p.m. Brookhaven Center 

Reactor Tour 2:30 p.m. from Brookhaven Center 

Evening Reception 6:00 p.m. Brookhaven Center 

Chemistry Conference Room 

Monday, October 31, 1977 

Greeting and Conference Details 

Session Chairman: R. Naumann, Princeton University 

"TRISTAN I - Techniques, Capabilities and Accomplishments" 
W. L. Talbert, Jr. (LASL) 

"TRISTAN I1 - Extension of Capabilities to Non-Gaseous Fission 
Products" 
F. K, Wohn (Ames - Iowa State) 

"Inicial Results with the Berkeley On-Line Mass Separator - MIA'' 
J. Cerny (LBL - Berkeley) 

"Studies of Fission Fragments Using the Gas Filled Recoil 
Separator JOSEF" 
T. A. Khan (KFA - Jiilich) 

"Recat Results from Delayed-Neutron StudiesWt 
S. G. Prussin (Berkeley) 

Lunch 

Session Chairman: G. Friedlander, BNL 

"Current Research on Delayed Neutron Emission at the SOLAF 
Facillty" 
P. L. Reeder (Battelle Nort!iwest) 

"Applications of Fission-Product Decay Data" 
C. W. Reich (INEL) 

"High-Resolution Hyperfine Spectroscopy Using Dye Lasers"- 
G. W. Greenlees (Minnesota) 

"The UNISOR Project: Techniques and Results" 
E. E. Spejewski (ORNL) 

User's Group Discussion 
R. E. Chrien (BNL) 
Panel (R. E. Chrien, J. C. Hill, F. K. Wohn) 

Cocktails 
Dinner 

: Manuscript not available. 



Tuesday. November 1. 1977 

,Announcements 

session Chairman: ;. W. Mihelich. Univ. of Notrs Dame 

"Recent Results from Studies of  on-Gaseous Fission Products 
with TRISTAN Il!' 
John C. Hill (Pmes - Iowa State) 

"Realistic Nuclear Shell and the Doubly-Magic 13'sn 
Region" 
J. P. Vary (Ames - Iowa State) 

"~hermochromato~ra~hic Separations On-Line" 
J. M. D'Auria (Simon Fraser - TRIUMF) 

"Isotope separators ~pplied to studies of Hyperfine Fields 
in Solids".t 
R; S. Raghavan (Bell ~abs) . 

"Study of Neutron-Rich Rb and Cs Isotopes at OSTIS1'tt 
K. D. Wunsch (Giessen - ILL Grenoble) 

Lunch 

Session Chairman: G. Goldhaber, BNL 

"Study of Fission Products by Rapid Nuclear ChemistryVt ' - 
R. A. Yeyer (LLL) 

"Collective Structure of ?Iedium-\Lass Nuclei" 
S. A. Williams (Ames - Iowa State) 

"Studies of 1 2 ~ e  and Other Off-Stability Nuclei" 
D. A. Alburger 'BNL) 

"Some Recent Experiments at ISOLDE" 
J. C. Hardy (Chalk River) 

"Recent Developments and Results with theGSI On-Line Separator 
at the WILAC" 
E. Roeckl (Darmstadt) 

"Lst Ion Beam Spectroscopy at theYarburg Separator" 
H. Wagner (Philipps kiversity) 

Closing Remarks 
R. E. Chrien (B~x) 

t Y anuscript not available. 

t+ Not presented at rr,eeting. 



OPENING REMARKS 

R. A. Naumann 

Electromagnetic isotope separation apparatus has been playing an important 
role in experimental nuclear physics for over sixty five years. Today this 
technique is permitting the ncclear investigator to begin the study of the large 
class of nuclei lying near the nucleonic binding limits. With tie aid of 
recently developing experimental advances in mass separators themselves as well 
as related areas such as optical and solid state nuclear hyperfixe spectroscopy, 
nuclear crientation methods and nuclear mass determinations, it is now possible 
to determine properties of the very unstable nuclei with a detail fairly recently 
available only for the stable species. These studies are yielding important 
information in such diverse areas as charge independence of nuclear forces, 
beta deczy sum rules, new types of radioactivity and new regions of nuclear 
deformation. 

The upcoming sessions include reports concerning several important and 
differing approaches to the problem of isolating and studying the shortest 
lived nuclei. 
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TRISTAN I - Techniques, C a p a b i l i t i e s  and Accon~plishments 

W. L. Ta lbe r t ,  J r .  

Los .Alamos S c i e n t i f i c  Laboratcrry 

Los Alamos. NM 87545 

ABSTRhCT 

Fo l lowing a  b r i e f  d e s c r i p t i o n  o f  t he  TRISTAN f a c i l i t y ,  t he  

techniques deveioped f o r  o n - l i n e  nuc lear  spectroscopy o f  s h o r t - l i v e d  

f i s s i o n  p roduc ts , , t he  s tud ies  poss ib le ,  and the a c t i v i t i e s  s tud ied  

are  presented. A l l  j ou rna l  p u b l i c a t i o n s  r e , l a t i n g  t o  the  development 

o f  t he  f a c i l i t y  and t h e  s tud ies  c a r r i e d  ou t  us ing i t  a re  referenced, 

and co-workers i d e n t i f i e d .  



I. INTRODUCTION 

I n  1965, the  Ames Labora tory  research r e a c t o r  became a v a i l a j l e  

f o r  experiments i n  nuc lear ,  m a t e r i a l s ,  and chemical sciences. I n  1966, 

t h e  TRISTAN on-1 i n e  i so tope  separator f a c i l i t y  became ope ra t i ona l ,  w i t h  

t h e  observat ion  o f  mass-separated gaseous f i s s i o n  products  i n  October. 

For n e a r l y  ten  years,  t he  TRISTAN f a c i l i t y  ( t o  be r e f e r r e d  t o  below 

as TRISTAN I )  s e t  t h e  stage f o r  a se r i es  o f  successful  spect roscop ic  

s tud ies  and developments o f  techniques. On J u l y  1, 1976, a new in-beam 

i o n  source was success fu l l y  operated which gave r i s e  t o  non-gaseous 

f i s s i o n  products,  thus  extending s i g n i f i c a n t l y  t he  coverage o f  sho r t -  

l i v e d  neu t ron - r i ch  n u c l e i .  With t h i s  new approach, t he  TRISTAN 

f a c i  1 i t y  became known as TRISTAN I I. 

Due t o  fund ing p r i o r i t i e s  i n  t he  D i v i s i o n  o f  Phys ica l  Research 

of ERDA (nov~ DOE), opera t ion  o f  t h e  Ames Laboratory research r e a c t o r  

w i l l  cease a t  t h e  end o f  calendar yea r  1977. Thus, t h e  quest ion  o f  

cont inuance o f  t h e  e x i s t i n g  research f a c i l i t i e s  a t  t he  reac to r ,  such 

as TRISTAN 11, a r i s e s  and c o n s t i t u t e s  t h e  under ly ing  theme o f  t h i s  

workshop. We are  thus p a r t i c i p a t i n g  i n  d iscuss ions which a re  c r i t i c a l  

t o  t h e  cons ide ra t i on  o f  t h e  f u t u r e  o f  s tud ies  poss ib le  w i t h  TRISTAN 11, 

r e l o c a t e d  t o  t he  High F lux  Beam Reactor a t  Brookhaven. 

There w i l l  be t h ree  t a l k s  on TRISTAN; t h i s  one, on the pas t  

achievements, bo th  t echn i ca l  and s c i e n t i f i c ,  o f  TWSTAN I; Fred Wohn 

w i l l  d iscuss the f u t u r e  promises o f  a cont inuance o f  TRISTAN 11; and 

John H i l l  w i l l  speak t o  t he  s tud ies  which have been made du r i ng  the  

s h o r t  span o f  TRISTAN 11. 

Rather than repeat  much o f  t he  i n fo rma t i on  which has appeared i n  

p r i n t ,  I would l i k e  t o  present  a complete l i s t i n g  of p e r t i n e n t  re ferences 

and discuss some o f  t he  phi losophy behind t h e  development o f  t he  

c a p a b i l i t i e s  and s tud ies  w i t h  TRISTAN I. The references a re  d i v i d e d  

i n t o  system d e s c r i p t i o n  and i ns t rumen ta t i on  development,'-'' and 

the s tud ies  c a r r i e d  out ,  12-48 e s s e n t i a l l y  i n  ch rono log i ca l  o rde r  exce?t 

f o r  t he  unpubl ished work (whish, hopefu l ly ,  w i l l  make i t s  way i n t o  

p r i n t ) .  The d e f i n i t i v e  d e s c r i p t i o n  o f  t h e  system i s  Ref. 10. 



I should l i k e  t o  emphasize a t  t he  o u t s e t  t h a t  t h e  development 

o f  the  TRISTAN f a c i l i t y  has 'been t h e  product  o f  t he  e f f o r t s  o f  many 

people, and I w i l l  acknowledge t h e i r  c o n t r i b u t i o n s  now r a t h e r  than 

- a t  the  end o f  my t a l k ,  t o u n d e r s c o r e  my dependence upon them f o r  

t h e  a c t i v i t i e s  which r e s u l t e d  i n  t he  h i g h l y  program a t  

TRISTAN I. Table I i l l u s t r a t e s  whet has n o t  been p r o p e r l y  apprec ia ted 

up t o  now, i n  my op in ion:  t h a t  t he  number o f  students who rece ived 

t h e i r  t r a i n i n g  and d i d  t h e i r  research, compared t o  t h e  number o f  

dedicated s t a f f  (which a t  any one t ime numbered about 4 FTE's), i s  

very  l a r g e  indeed. 

11. TECHNIQUES ASSOCIATED GlITH TRISTAN I 

The i n i t i a l  concepts envis ioned w i t h  TRISTAN were de r i ved  from 

two f a c t s  o f  t h e  2 3 5 ~  thermal f i s s i o n  process, bo th  observable from 

the  F i s s i o n  y i e l d s  shown i n  F ig .  1  . F i r s t  o f  a l l ,  when viewing t h e  

mass y i e l d  p r o f i l e ,  t he re  are  e s s e n t i a l l y  two we l l - de f i ned  mass 

reg ions f o r  study, and these reg ions a re  separated by rough ly  a  

chemical per iod .  Secondly, when v-iewing t h e  chemical y i e l d  p r o f i l e ,  

the  gaseous products,  Kr and Xe, both  have y i e l d s  c l ose  t o  t h e  peak 

chemical y i e l d s .  The accented i n d i v i d u a l  chemical y i e l d s  f o r  Kr and 

Xe i l l u s t r a t e ,  moreover, t h a t  decay products o f  t he  h i g h - y i e l d  gaseous 

a c t i v i t i e s  would be produced i n  higher.abundance through decay than by 

d i r e c t  f i s s i o n  y i e l d .  

Given these fac ts  i n  combinat ion w i ' th  t h e  unique phys ica l  p r o p e r t i e s  

o f  t h e  ncb le  gases ( h i g h  v o l a t i l i t y  and low chemical a c t i v i t y ) ,  t h e  

development o f  a  system which woul3 make a v a i l a b l e  t h e  gaseous f i s s i o n  

products would n o t  on l y  be h i g h l y  t r a c t a b l e ,  bu t  a l s o  r e s u l t  i n  a  

s c i e n t i f i c a l l y  s i g n i f i c a n t  coverag? o f  neu t ron - r i ch  a c t i v i t i e s .  Coupled 

w i t h  these cons idera t ions  i s  t he  need t o  concentrate on the  techniques 

which are  t o  be employed i n  l ook ing  a t  s h o r t - l i v e d  a c t i v i t i e s  a t  an on- 

l i n e  f a c i l i t y .  The l a t t e r  e f f o r t  was needed t o  be ab le  t o  a n t i c i p a t e  

and address the procedures necessary f o r  o n - l i n e  s tud ies  o f  s h o r t - l i v e d  
! 



TABLE I. L i s t .  o f  co-workers 

STAFF: 2 years  o r  more 

J. R. McCon,nell A. R .  Landin 
F. K. Wohn M. A. C u l l i s o n  
W. C. Schick, J r .  J.' J .  E i t t e r  
J .  C. H i l l  G.  H. Car lson 
K. L.  Malaby J .  C. Pacer 

Less than 2 years  

B. Anderberg 
K. B. N ie l sen  
G. M. Day 

STUDENTS : 

C. L. Duke 
D. Thomas 
J .  T. Larsen 
G. H. Car lson 
D. I. Haddad 
J. E. So leck i  
J. R. C l i f f o r d  
R. J .  Olson 
J .  W .  Cook 

J. K. H a l b i g '  
J. H. Norman 
E. A. Henry 
J. J'. E i t t e r  
3. P. Adams 
M. A. Lee 
J .  'A. Morman 
R. S. Gleinbeck 
G. J .  Basinger 

COLLABORATORS : 

A. B. Tucker 
B. R. Erdal  

R. J. Hanson S. T. Hsue 
H. H. Hsu C. L;  Duke 

D. M. Roberts 
VISITORS: 

L.  J .  A l q u i s t  
I?. L.  Bunt ing 
M. D. Glascock 
H. R. Destern 
I?. L. G i l l  
C .  J. Bischof 
G. A. Sheppard 
K. A. Burke 
J .  F. Wright 

J . \*I. Layman 
P.. F. Vo ig t  

P. P a r i s  J. P. Z i rnhe ld  S. Amiel 
H. K. Ca r te r  J .  L i n  J. C .  Wel ls,  J r .  

T. A. Kban 

ENCOURAGEMENT AND ADVICE: 

I. Bergstrom R .  A. Naumann. A.  A. B a r t l e t t  . , 
A .  K j e l l b e r g  S. Raman P. G.' Hansen 
5. Borg B. J. Dropesky S. Sundel l  
G.  Rlrdstam G .  Herrmann R. A. ??eyer 
R. D. Macfar lane M. E .  Bunker G. B. Holm 

SPONSORSHIP: 

6 .  L. Rogosa (AEC and ERDA) . 

F. H. Spedding 
Ames Labora tory  and Iowa S ta te  l l n i v e r s i t y  

R. S. Hansen 



~ i ~ u r e  1 .  Isometric view of the y i e l d s  for  
thermal f i s s i o n  of 23511. 



n u c l e i  where t h e  daughter a c t i v i t i e s  a re  a l s o  s h o r t - l i v e d .  

The r e s u l t i n g  system c o n f i g u r a t i o n  i s  shown i n  F ig .  2, which 

shows t h e  l a y o u t  o f  TRISTAN I as i t  was used from 1969 u n t i l  1976. 

A  d e t a i l e d  d e s c r i p t i o n  o f  t he  system i s  g i v e n . i n  Ref. 10; f o r  the  

purpose o f  t h i s  t a l k ,  a  s h o r t  d e s c r i p t i o n  w i l l  s u f f i c e .  The sample 

o f  2 3 5 ~  ( i n  t h e  form o f  t h e  s tea ra te  o r  t e t r a - f l u o r i d e )  was placed 

i n  a  neut ron beam f rom t h e  r e a c t o r ,  o f  nominal d iameter 5  cm and 

f l u x  3 x 1 0 ~  n/cm2/sec. The sample s i z e  was no in ina l ly  10 g  o f  2 3 5 ~ .  

Operat ion o f  the  sample chamber and t r a n s p o r t  l i n e  a t  ambient room 

temperature r e s u l t e d  i n  t h e  a v a i l a b i l i t y  o f  predominant ly t he  Kr 

and Xe f i s s i o n  products,  w i t h  smal l  amounts o f  B r  and I. The two- 

stage sepa ra t i on  prov ided by t h e  separa tor  fo l lowed by t he  sw i t ch  

magnet r e s u l t e d  i n  mass separa t ion  f a c t o r s  which were no t  

measurable; t h a t  i s ,  desp i t e  an es t imated de tec t i on  s e n s i t i v i t y  o f  

l o 7  t o  1, no (A+]) a c t i v i t y  cou ld  be detec ted a t  t he  (A) depos i t  

a f t e r  t h e  sw i t ch  magnet, The same statement d i d  no t  ho ld  t r u e  f o r  
+ 

(A-1) contaminants; t h e  presence o f  KrH and X ~ H +  i ons  represented 

a r e a l  c o n t r i b u t i o n  t o  t h e  depos i t  under study, and r e s u l t e d  i n  a  

(A-1) contaminat ion  l e v e l  which was s i , g n i f i c a n t  i n  t h e  higher-mass 

s tud ies .  The combinat ion o f  lower f i s s i o n  y i e l d  and sho r te r  h a l f - l i f e  

( r e s u l t i n g  i n  l a r g e r  l o s s  i n  t r a n s p o r t ) '  f o r  t h e  high-mass products 

compared t o  t h e  ( A - l ) , a c t i v i t i e s ,  r e s u l t e d  i n  an enhancement o f  t h e  

K ~ H '  and X ~ H '  depos i t i on  r a t e s  f o r  these s tud ies ,  even though the  

hydr ide  a c t i v i t i e s  were t y p i c a l l y  t h e  i o n i c  a c t i v i t i e s  f o r  the 

same i so tope .  

Desp i te  t he  above problem o f  hyd r i de  contaminat ion,  t he  p r i n c i p a l  

concern i n  t h e  s tud ies  o f  s h o r t - l i v e d  f i s s i o n  products  was t h a t  o f  

t h e  i n t e r f e r e n c e  f rom s h o r t - l i v e d  daughter a c t i v i t i e s .  Accord ing ly ,  

cons iderab le  e f f o r t  was made i n  t h e  development and a n a l y s i s  o f  moving 

tape c o l l e c t o r  technology, which prov ided a  mechanical means o f  

d i s c r i m i n a t i o n  between a c t i v i t i e s  o f  an i s o b a r i c  decay chain.  The 

p r i n c i p l e  o f  t h e  moving tape c o l l e c t o r  can be seen i n  F ig .  3. I n  

t he  c o l l e c t i o n  o f  t h e  separated i o n  beam, t h e  ions  a r e  a c t u a l l y  imbedded 

i n  t h e  c o l l e c t i n g  sur face.  I f  t h i s  sur face should be a  t ape  which 

i s  capable of mot ion,  t h e  mot ion  w i l l  c a r r y  t h e  depos i t  from one p lace  
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t o  another.  I n  cons ider ing  the  s i t u a t i o n  p i c t u r e d  i n  F ig .  3, w i t h  

the  tape i n  continuous mot ion,  o n l y  t he  sho r tes t  a c t i v i t i e s  i n  the 

depos i t i on  w i l l  decay before  being moved i n t o  the  l ead  s h i e i d i n g  

and away f rom de tec to r  # I .  Thus, de tec to r  ;1 w i l l  n o t  see the  

l o n g e r - l i v e d  a c t i v i t i e s  i n  t h e  depos i t .  On the  o t h e r  hand, by the  

t ime the  depos i t  has moved through the l ead  s h i e l d i n g  t o  de tec to r  

#2, t h e  s h o r t e s t - l i v e d  a c t i v i t i e s  have decayed away, l eav ing  on l y  

t he  l o n g e r - l i v e d  a c t i v i t i e s  t o  be vie:.,ed by de tec to r  12. I n  an 

i s o b a r i c  decay cha in  o f  a  Kr o r  Xe separated iso tope depos i t ,  t h e  

parent  decays (Kr  o r  Xe) a r e  gene ra l l y  t he  s h o r t e s t - l i v e d  a c t i v i t i e s  

and the  daughter a c t i v i t i e s  which b u i l d  i n  as t h e  parent  decays are 

l onge r - l i ved .  Detec tor  XI can thus be made s e n s i t i v e  t o  t h e  parent  

decays and de tec to r  #2 t o  t h e  daughter decays by app rop r i a te  choice 

o f  tape speed. We have found t h a t  the  d iscont inuous mot ion  o f  t he  

tape i s  a  p r s f e r r e d  mode o f  opera t ion ,  w i t h  s e l e c t i o n  o f  depos i t ion ,  

delay,  and da ta  a c q u i s i t i o n  t imes t o  opt imize the  temporal cond i t i ons  

f o r  a  se lec ted  a c t i v i t y  w i t h i n  the  i s o b a r i c  decay cht i in.  4 

The moving tape c o l l e c t o r  p r i n c i p l e  has been app l i ed  t o  a l l  t he  

s tud ies  c a r r i e d  out .  The "Gamma-Ray Koving Tape C o l l e c t o r "  shown on 

the l a y o u t  (F ig .  2) has been designed t o  accommodate e l e c t r o n  

spectrometers, as we1 1  as angu lar  c o r r e l a t i o n  de tec to rs .  Separate 

moving tape c o l l e c t o r s  were const ruc ted f o r  use w i t h  a  neut ron 

spectrometer and a  nJ2 spectrometer.  

Among t h e  o the r  techniques developed f o r  TRISTAN, w i t h o u t  

e labo ra t i on ,  a re :  t h e  on - l i ne  n i 2  beta- ray  spectrometer,8 an abso lu te  

beta counter  f o r  ground-state branching , 37  and a  mu1 t i p l e - d e t e c t o r  

angular c o r r e l a t i o n  de tec to r  array. '  I n  a d d i t i o n ,  beta-ray and 

e l e c t r o n  spectrometers were developed f o r  decay energy and conversion 

e lec t ron  s tud ies .  6'30 Taken i n  t o t a l ,  t h e  compl ement o f  exper imental  

techniques a v a i l a b l e  a t  TRISTAPI represented perhaps t h e  most complete 

spectroscopic c a p a b i l i t y  a t  a  s i n g l e  exper imental  f a c i l i t y .  S t i l l ,  t h e  

use o f  t he  f a c i l i t y  was ma in l y  l i m i t e d  by the  a v a i l a b l e  manpower. 



111. CAPABILITIES 

While t he  d iscuss ion on techniques g i ves  an i n d i c a t i o n  o f  t he  

c a p a b i l i t i e s  which r e s u l t ,  a  few comen ts  can be made us ing t h e  help 

o f  t h e  s t y l i z e d  gamma-ray spectrum and decay scheme shown i n  Figs.  

4 and 5, r espec t i ve l y .  Apo log iz ing  i n  advance f o r  be ing s i m p l i s t i c  

t o  those i n  t he  audience who.are accomplished l e v e l  scheme bu i l de rs ,  

l e t  me exp la in  t h a t  t h e  ana l ys i s  o f  t he  spectrum shown i n  F ig .  4 

revea ls  t h a t  f i v e  gamma rays  a r e  emi t fed  i n  t he  decay o f  t h e  observed 

a c t i v i t y ,  and t h a t  these f i v e  gamma rays can be placed i n t o  t h e  

l e v e l  scheme o f  F ig .  5 by us ing t h e  energy-sum r .e la t ionsh ips  ev ident  

f rom the  ana lys is .  The placement o f  y2 and y4 can be v e r i f i e d ,  i n  a  

general  study, by showing them i n  coincidence w i t h  yl (assuming a  very  

s h o r t  l i f e t i m e  f o r  t h e  f i r s t  e x c i t e d  s t a t e ) .  

The ex is tence o f  t he  beta  branches, i n c l u d i n g  t h a t  t o  t h e  ground 

s ta te ,  can be i n f e r r e d  from t h e  i n t e n s i t y  imbalances f o r  feed ing and 

depopulat ing t h e  e x c i t e d  s ta tes ,  as observed from t h e  gamma-ray 

i n t e n s i t i e s .  For t h e  ground-state branch, an a d d i t i o n a l  p i ece  o f  

in format ion  i s  requ i red,  t h e  t o t a l  be ta  decay i n t e n s i t y  (obta inab le  

us ing a  4ir beta de tec to r ) .  As f r e q u e n t l y  happens f o r  s h o r t - l i v e d  

f i s s i o n  products,  t he  decay energy may exceed the  neut ron b ind ing  

energy f o r  t h e  daughter nucleus. I n  t h i s  case, d i r e c t  neut ron emission 

may occur a f t e r  beta decay, e v e n ' i n  compet i t ion  w i t h  gamma de -exc i t a t i on .  

Th is  phenomenon, r e f e r r e d  t o  as delayed neut ron emission, i s  o f  g rea t  

i n t e r e s t  f rom r e a c t o r  c o n t r o l  s tud ies  and a j s o  f rom the  p o i n t  o f  view 

t h a t  such emission c o n s t i t u t e s  observable i n fo rma t i on  on t h e  nature  

o f  h i g h l y  e x c i t e d  s ta tes  i n  n u c l e i .  

Then, i n  view o f  t he  decay scheme shown i n  F i g .  5, the  c a p a b i l i t i e s  

which should be covered are :  h a l f - l i f e  determinat ion ,  delayed neutron 

emission, decay energy, ground-state beta branching, conversion 

c o e f f i c i e n t  measurements ( t o  more f u l l y  cha rac te r i ze  t h e  de -exc i t a t i on  

parameters), gamma-ray spectroscopy, coincidence s tud ies ,  l e v e l  l i f e t i m e s ,  

and angu lz r  c o r r e l a t i o n  s tud ies  ( t o  measure de -exc i t a t i on  s p i n  sequences). 

A l l  of these c a p a b i l i t i e s  were a v a i l a b l e  a t  TRISTAN. The o n l y  nuc lear  
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Figure 4 .  A simple gamma-ray spectrum. . 

Figure 5 .  ~ e n e r i c d e c a ~  scheme of a short- 
l ived neutron rich nuclide. 



parameters n o t  unambiguously determined w i t h  these c a p a b i l i t i e s  are  

t h e  sp ins  and moments o f  the 'ground s ta tes ,  f o r  which.a technique 

employing the  nuc lear  hype r f i ne  i n t e r a c t i o n  seems f e a s i b l e  and i s ,  

indeed, under development. .The determinat ion  o f  decay'energy cou ld  

a l s o  be accomplished us ing an on-1 i n e  h igh - reso lu t i on  mass spect ron~eter  

f o r  d i r e c t  mass measurement o f  t he  ground-state.  It should be noted, 

however, t h a t  development o f  t h e  l a t t e r  two techniques i s  cons iderab ly  

more i nvo l ved  than f o r  those a t  hand, w i t h  l a r g e r  manpower resources 

i n e v i t a b l y  requ i red.  

A word o f  caut ion :  I n  cons ider ing  t h e  continuance o f  TRISTAN 11, 

i t  would be adv isab le  t o  i n s t a l l  a  f u r t h e r  c a p a b i l i t y ,  e s s e n t i a l l y  

un re la ted  t o  t h e  techn iques.descr ibed thus f a r .  Th is  i s  t h e  on- l ine ,  

i n t e r a c t i v ?  ana l ys i s  c a p a b i l i t y  a f f o rded  through an expanded-memory 

min icomputw system. I f  TRISTAN I had any r e a l  shortcomings, i t  was 

i n  t h e  t im? requ i red  t o  analyze t h e  data. An i n t e r a c t i v e  ana l ys i s  

system, o n - l i n e  o r  o f f - l i n e ,  would have reduced t h e  t ime spent on 

gaseous f i s s i o n  products cons iderab ly .  

The l a s t  c a p a b i l i t y  which should be requ i red  o f  a  general  f a c i l i t y  

t o  study neu t ron - r i ch  f i s s i o n  products  i s  t h a t  o f  g rea te r  coverage 

of  t h e  a v a i l a b l e  eleme,.ts than j u s t  t he  gaseous products.  Al though 

TRISTAN I 1  represents  j u s t  t h a t  c a p a b i l i t y ,  I would l i k e  t o  unveil,, 

t h e  f a c t  t h a t  as f a r  back as 1968, I had attempted t o  summon a d d i t i o n a l  

support  f o r  t he  f a c i l i t y  t o  i nves t i ga te '  t he  p o s s i b i l i t i e s  f o r  increased 

elemental a v a i l a b i l i t y .  Given t h e  , l ack  o f  such support ,  we proceeded 

t o  do t h e  bes t  we cou ld  w i t h  t h e  a c t i v i t i e s  a v a i l a b l e  u n t i l ,  about 1974, 

i t  was ev ident  t h a t  we had t o . i n v e s t  our cu r ren t  e f f o r t  i n t o  t h e  

developments which even tua l l y  proved successful  two years  l a t e r .  Th i s  

was a t  t he  expense o f  conipleting t he  poss ib le  s tud ies  w i t h  t h e  gaseous 

a c t i v i t i e s ,  and i s  a t  l e a s t  p a r t l y  respons ib le  f o r  t h e  unpubl ished 

s t a t u s  o f  come o f  t he  s tud ies  which were c a r r i e d  ou t .  

A  summary o f  t h e  c a p a b i l i t i e s ,  ss w e l l  as t he  s tud ies  c a r r i e d  

out ,  i s  shc.wn i n  Table 11. Referencrs a re  provided f o r  t h e  a c t i v i t i e s  

and s tud ies  made, and the  techniques employed a re  descr ibed i n  t h e  

i n d i v i d u a l  cases. 



TABLE 11. Spectroscopic c a p a b i l i t i e s  and s tud ies  a t  TRISTAN 

* 
Type o f  Spectroscopic A c t i v i t i e s  s tud ied  References 

study techn ique 

T% Ge(L i )  spectrum 8 5 m K r ; 8 9 ~ r , ~ b ; 9 0 ~ r , ~ b ; 9 1 ~ r . ~ b ;  14, 18, 41 
94 m~ltiscal ing 92Kr,Rb;93Kr,Rb,Sr; ( Kr,Rb);1361; 

1 3 7 ~ e ; 1 3 8 ~ e , ~ s ; 1 3 9 ~ e , ~ ~ ; 1 4 0 ~ e , ~ ~ ;  

1 4 1 ~ e , ~ s , ~ a ; 1 ' 4 2 ~ e , ~ s , ~ a  

'n 
BF3 l ong  counter 9 2 ~ r , ~ b ; 9 3 ~ r , ~ b ; 1 4 1 ~ e , ~ ~ ; ' 4 2 ~ e , ~ s  12, 13 

85mKr;871(1.;88Rb;89~r;91 sr 17, 18, 22 
B 

nJ2 mag. spect .  
24, 43 

P l a s t i c  stint.- 8 8 ~ r , ~ h ; 8 9 ~ r ; 9 0 ~ r  , ~ b ; ~ " ~ r , ' b ;  25, 26 
Ge(Li  ) 9 2 ~ r , ~ b , ~ r ; 9 3 ~ r , ~ b ; ' 3 8 ~ e , ~ s ;  

139~e ,~s ;140~e ,~s ;141  xe,Cs,Ba; 

' 4 2 ~ e , ~ s  

nJ2 mag. spect.  85mKr ;E7~r  iglSr 18, 22, 24 
s 

4n p l a s t i c  s c i n t .  8 8 ~ r , ~ b ; 8 9 ~ r , ~ b ; g 0 ~ r , ~ b ; 9 1 ~ r , ~ b  37 

Ge(L i )  r e l a t i v e  8 9 ~ r ; g 1 ~ r , ~ b ; 9 2 ~ r , ~ b ; 1 3 8 ~ e , ~ s ;  21, 23, 28 
a c t i v i t y  1 3 9 ~ e , ~ s  36, 44 

I C C  nJ2 mag. spect.  8 5 m ~ r ; S 8 ~ r ; 9 0 ~ r , ~ b ; 9 1 ~ r , ~ b , ~ r ;  18, 24, 32 

9 2 ~ r  
43 

LEPS Kr ,Rb 32 

Ge(L i )  and LEPS 8 9 
Y 8 5 m i r ; 8 8 ~ r , ~ b ;  ~ r , R b ; ~ ~ K r , R b ;  15, 19, 20, 15, 18 21 

9 1 ~ r , ~ b , ~ r ; 9 2 ~ r , ~ b , ~ r , ~ ;  23, 27, 28 

9 3 K r , ~ b , ~ r , ~ ; ( 9 4 ~ r , ~ b ) ; 1 3 6 1 ;  29, 35, 36 

1 3 7 ~ , ~ e . ; 1 3 8 ~ , ~ e , ~ s ; 1 3 9 ~ e , ~ s ;  38, 39, 40 
42, 44, 45 

1 4 0 ~ e , ~ s ; 1 4 1 ~ e , ~ s , ~ a , ~ a ;  46, 43 

1 4 2 ~ e , ~ s , B a , ~ a ; 1 4 3 ~ a ; ( 1 4 3 ~ ~ s , ~ a ) ;  

( 1 " 4 ~ e . ~ s )  



TABLE 11. (Cont inued) 

* 
Type o f  Spectroscopic . A c t i v i t i e s  :s tud ied References 

study technique 

91Kr,Rbj13GI;140Xe;141Xe y ( t ) .  LEFS-plast ic 
s c i n t .  

y y ( 8 )  ~ e ( ~ i ) - ~ a i ( ~ 1 )  'ORb;' 3 8 ~ s ; 1 4 0 ~ e , ~ s ; 1 4 2 ~ a  

* 
A c t i v i t i e s  i n  parentheses have been s tud ied,  bu t  p r e l i m i n a r y  data have n o t  

been analyzed. 
'. . . . 



I V .  ACCOMPLISHMENTS 

An idea o f  the  scope o f  t he  accomplishments o f  TRISTAN I, as 

w e l l  as t h e  c a p a b i l i t i e s ,  may be obta ined f rom s tudy ing Table 11. 

There y e t  remain some areas o f  s tudy which render t he  p i c t u r e  

incomplete; i n  p a r t i c u l a r ,  t h e  ground-s ta te  beta  branching i n t e n s i t i e s  

a r e  u n f o r t u n a t e l y  n o t  a v a i l a b l e  f o r  mass numbers h igher  than 91, f rom 

d i r e c t  measurement. What s tud ies  a re  presented, how~ve r ,  represent  

d e t a i l  which i s  u n l i k e l y  t o  be improved upon f o r  t he  fo reseeab le  

f u tu re .  The r e s u l t s  conta ined i n  t h e  re ferences are, i n  many cases, 

s i g n i f i c a n t  improvements over p r i o r  s tud ies ,  and f o r  o the r  a c t i v i t i e s ,  

a re  t h e  o n l y  d e f i n i t i v e  r e s u l t s  a v a i l a b l e .  

Another way o f  summarizing t h e  accomplishments from t h e  use o f  

TRISTAN I i s  t o  present  t h e  n u c l e i  s tud ied  on a p o r t i o n  o f  t h e  

c h a r t  o f  nuc l ides .  Th i s  i s  done i n  F igs .  6 and 7, i n  combinat ion 

w i t h  t h e  f i s s i o n  cha in  y i e l d  and an i n d i c a t i o n  o f  t he  approximate 

h a l f - l i f e  reg ions.  The shaded boxes represent  t he  a c t i v i t i e s  s tud ied  

a t  TRISTAN I. It i s  obvious t h a t  t he re  a r e  many h i g h - y i e l d  f i s s i o c  

products  n o t  s tud ied  a t  TRISTAN I, and t h a t  t he  as y e t  unstud ied 

reg ions rep resen t  a cha l lenge f o r  years t o  come. It i s  hear ten ing 

t h a t  an approach such as TRISTAN I 1  promises t o  f i l l  i n  t he  gaps of 

ou r  knowledge o f  s h o r t - l i v e d  n u c l e i  produced i n  f i s s i o n ,  g iven the 

resources and manpower f o r  t h e  near- term f u t u r e .  

To conclude t h i s  b r i e f ,  y e t  comprehensive, rev iew o f  TRISTAN I, 

I would l i k e  t o  i n j e c t  a personal  note.  I t  was my g r e a t  p leasure  

and honor t o  have been a p a r t  o f  t h e  s c i e n t i f i c  s t r i d e s  made through 

the  development o f  t h i s  f a c i l i t y .  I apprec ia te  e s p e c i a l l y  t he  w i l l i n g  

and e f f e c t i v e  support  I rece ived f rom my co-workers du r i ng  t h e  t ime of 

development and ope ra t i on  o f  TRISTAN. It saddens me t o  see t h e  work 

ha l ted ,  however momentar i ly  i t  may t u r n  o u t  t o  be, i n  response t o  

f i s c a l  pressures which a re  imposed j u s t  a t  t he  i n s t a n t  t h a t  t h e  f a c i l i t y  

i s  responding f u l l y  t o  i t s  p o t e n t i a l .  I can on l y  hope t h a t  t h e  value 

o f  t he  past  e f f o r t s  w i l l  cont inue t o  be r e a l i z e d  by t h e  conmunity so 

t h a t  t h e  p o t e n t i a l s  which have been b u i l t  up a re  no t  f o r f e i t e d .  



l sec 

Figure 6. Partial.chart of nuclides showing low- 
mass fission product region. Mass chain yields 
are also indicated. The shaded boxes are decays 
observed at TRISTAN I. 



Figure 7. Partial chart of nuclides showing high- 
mass fis~ion product rcgion. The shaded boxes are 
decays observed at TRISTlW I. 
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TRISTAN I1 - Extension of Capabilities to Non-Gaseous Fission Products 

Ames Laboratory-DOE and Department of Physics, 

Iowa State University, Ames, Iowa 50011 

ABSTRACT: The ISOL facility TRISTAN I1 is described and its expected 

capabilities on-line to the High Flux Beam Reactor at 

Brookhaven National Laboratory are discussed. In particular, 

the range of isotopes expected to be available and possible 

experimental studies of the short-lived fission-product 

isotopes are described. 

1. Introduction 

In the preceding talk by ~albert,' the story of the TRISTAN 

facility was told from its conception up to the birth of TRISTAN I1 

in July 1976. In the talk to come by ~i11,' the nuclear spectroscopic 

studies made with TRISTN I1 during the past year will be described. 

One could label Talbert's talk as TRISTAN-past and Hill's talk as 

TRISTAY-present. In this vein the present talk can be regarded as 

TRISTF-future. In the following, the general features,of TRISTAN I1 

are presented with the emphasis on the new capabilities for non-gaseous 

fission products and the future possibilities for studies of such 

activities on-line to the HFBR. The material in the following has been 

extracted from the more comprehensive report3 which has been distributed 

to the participants of this meeting. 



2. The TRISTAN I1 Facility 

Schematic diagrams of the TRISTAN I1 facility in its present con- 

figuration at the ALRR in Ames are shown in Fig. 1 and 2. This con- 

figuration is the third in the history of TRISTAN. The two earlier 

versions of TRISTAN I have been described in detail by KcConnell and 

~albert.~ Since most of the operating properties of the separator were 

unchanged in the conversion from TRISTAN I to TRISTAN I1 and are well 

described in Ref. 4, they will not be described here. Pertinent aspects 

of the present ion-source target configuration are given by Talbert 

a1.' Table 1 lists some of the characteristic properties of the three - 
TRISTAN configurations, the last being TRISTAN 11. 

The closeup view of Fig. 3 shows the in-beam ion source of oscilla- 

ting electron (Nielsen) type with a cylindrical anode made of graphite 

.impregnated on its inner surface with 2g of 235~ in the form U02 (At 

the operating temperature of about 1500-170O0C, some of the U02 may be 

converted into UC.~") The target activity of 0.2 Curies is produced by 

9 2 
the ALRR thermal neutron flux of 2.5 x 10 /cm /see. Fission products 

diffuse from the relatively open-structured graphite natrix into the ion 

source plasma, where they become ionized, then are extracted from the 

ion source and accelerated through 50 kV. The 50 kV ions are focused 

through a 100' electrostatic sector, followed by the 90° mass-separator 

magnet. At the focal plane of the separator magnet the ions of selected 

mass pass through a slit and are then directed by a switching magnet to 

one of the detection stations. Moving tape collectors at each detection 

station provide isobaric enhancement of the activity of interest. 



Figure 4 shows a new in-beam ion source presently under construction 

at the Ames Laboratory. The design is based on the FEBIAD (Forced 

Electron ombardment Induced Arc Discharge) ion source of Kirchner and - 
~ o e c k l . ~  The FEBIAD ion source offers many advantages over the con- 

ventional oscillating-electron or Nielsen ion source, particularly for 

ISOL use. Among the advantages are low-pressure operation, very stable 

discharge conditions, long lifetime and high ionization efficiency. In 

addition, the end cap or outlet plate potential can be selected so,as to 

maximize either resolving power or output inten~ity.~ The ion source of 

Fig. 4 has the same gra?hite liner impregnated with UO as the presently 2 

used ion source of Fig. 3. Since this modification should not.affect 

the high-efficiency characteristics of the FEBIAD concept, it is hoped 

that higher activities xi11 result with the new in-beam ion source. 

'A schematic diagran of the TRISTAN facility relocated at the HFBR 

at BNL is shown in Fig. 5. This layout differs significar;tly from the 

ALRR layout, as no electrostatic deflection is required before mass 

separation in the HFBR layout. The magnetic spectrometer shown in Fig. 

1 is replaced in Fig. 5 by a planned atomic spectroscopic system using a 

tunable dye laser. Figure 5 indicates the addition of a second mass 

line to the facility, which could essentially double the potential'use 

of the facility by allowing simultaneous measurements on two masses. (A 

second mass line, althcugh also possible at ALRR, was not needed for the 

scale of the research Frogram at Ames.) Thus the HFBR layout has three 

distinct differences cc.mpared to the ALRR layout: simpler ion optics, a 

second mass line, and 2 higher neutron flux (by a factor of 16). The 

third difference is by far the most advantageous. 



3. Performance of TRISTAN I1 

The overall efficiency of an isotope (the fraction of the isotope 

produced in the target that is delivered after mass separation to a 

detection station) must be known to calculate the amount of activity 

available for study at any mass. For a similar in-be= ion source con- 

taining a target of U02 in graphite, such effi-iencies are known. The 

OSIRIS facility in Studsvik was the first to develop (in 1970) such a 

system,1° which was subsequently improved6 and has been user extensivet, 

ever since. A similar system was also xsed at PINGIS in Stockholm for 

the 238~ (a, fission) reaction with 43-MeV a-particles;ll see Table 2 

for characteristics. In both cases, a target of U02 impregr.ated graphite 

was located within an oscillating-electron ion source and overall 

efficiencies in the range 10-~-10-~ were measured. 

The overall efficiencies for 18 elements were determined with good 

accuracy at OSIRIS using longer-lived isotopes (T > 3s) with well- 
11 2 

established decay schemes.6 The same 18 elements have been separated at 

TRISTAN 11; Fig. 6 shows these 18 elements and gives a comparison with 

TRISTAN I. Such a systematic determination of overall efficiencies has 

not been made at PIMGIS nor with the new TRISTAN I1 configuration. 

However, a mass scan at TRISTAN I1 of B activity was found to agree well 

with a similar mass scan done at OSIRIS. The OSIRIS and TRISTAN 11. mass 

scans are shqwn in Fig. 7 together with the mass-yield curve for 2 3 5 ~  

fission. Both mass scans were obtained with a ~ I I  B dectector. For the 

OSIRIS scan the mass-separated activity was collected for 10 sec then 

immediately counted for 10 sec;' the corresponding times were 30 sec and 

30 sec for the TRISTAN I1 scan, with a 1 sec delay before beginning the 



counting. The OSIRIS scan was done with 3 g of U and a neutron flux of 

10 2 4 x 10 /cm 1s.e~;~ the TRISTAN I1 scan was done with abobt 8 g of U and 

9 2 
a flux of 3 x 10 /cm sec. Although the effect of different time conditions 

on the various lifetimes renders a detailed comparison meaningless, the 

general agreement between the two mass scans indicites that the two 

facilities have quite conparable overall efficiencies for fission 

products. Thus it is quite reasonable to use the OSIRIS overall effi- 

ciency results shown in Table 4 to predict the activities to be expected 

for the very. similar in-beam ion source of TRISTAN I1 at the HFBR. 

Before proceeding to make such specific predictions, it is worthwhile to 

first take a more global look at the isotopes produced in fission. 

3.1 Thermal.-Neutron Fission of 2 3 5 ~  

Contours of independent fission cross sections in barns are presented 

in Fig. 8 for thermal neutron fission of 235~. The contours were calcu- 

lated under the assumption of pure Gaussian charge dispersion with the 

same Gaussian width o f 0  = 0.56 (FWHM = 1.32) for all mass chains. 12,13 

The values of Z (the most probable charge for a =ass chain) were taken 
P 

from the report of Wahl ,l.12 Mass yield values for thermal-neutron 

fission were taken from the compilation of Nethaway and ~art0n.l~ The odd- 

even fluctuations in fission yields14 were not included in the calculation 

of the contours of Fig. 8. For the low-yield fission products in the 

valley and on the wings, Fig. 8 slightly underestimates the yields to be 

expected for the fission-neutron spectrum of the external beam of the HFBR. 

However, for the present purpose of estimating the quantities of fission 

products produced with TRISTAN I1 at the HFBR, the cross-sections of Fig. 8 

are quite adequate. 



The background f o r  Fig.  8  c o n s i s t s  of a  s ec t ion  of t he  cha r t  of t h e  

nucl ides .  The s o l i d  squares i n d i c a t e  s t a b l e  o r  na tura l ly-occur ing radio- 

nucl ides  and t h e  squares contained wi th in  t he  dashed ou t l cne  a r e  p re sen t ly  

known nucl ides .  The s o l i d  o u t l i n e  conta ins  n u c l e i  f o r  which some nuclear  

s t r u c t u r e  information e x i s t s .  Only n u c l e i  with a t  l e a s c  a  few energy l e v e l s  

known a r e  included wi th in  t h e  s o l i d  o u t l i n e ;  f o r  a  s u b s t a n t i a l  f r a c t i o n  of 

t h e s e  n u c l e i  t h e  l e v e l  s t r u c t u r e  infonnat ion  i s  f a r  from comprehensive. . 
For example, even such a  b a s i c  quan t i t y  a s  t h e  $-decay Q-value has  not been 

ineasured f o r  nea r ly  40% of t hese  nuc le i .  For t h e  nuc le i  l y i n g  between t h e  

s o l i d  and dashed o u t l i n e s ,  t h e  present  s t a t e  of 3ur knowledge is extremely 

?oar, with only t h e  h a l f - l i f e  and perhaps some y rays  known. Figure  8  

makes i t  very c l e a r  t h a t  a  l a r g e  number of f i s s i o n  products a r e  inadequately 

s tud ied .  

The ha l f - l i ves  of nucl ides  i n  t h e  f i s s i o n  pzoduct r e g i o n - a r e  shown i n  

Fig .  9 ,  which a l s o  shows the  neutron d r i p  l i n e .  15'16 The h a l f - l i f e  con- 

t ou r s  were ca l cu l a t ed  from a  gross  theory of 6 decay by Takahashi et&. 
1: 

Agreement with experimental  v a 1 u e s . i ~  gene ra l ly  wi th in  an o rde r  of magnitude 

f o r  nuc l e i  with ha l f - l i ves  of 10 sec  o r  longer .  For h a l f - l i v e s  l e s s  than 

10 sec ,  t h e  p red ic t ions  appear t o  be  more r e l i a b l e  and o f t e n  a r e  sma l l e r  

than the  measured hal f - l ives .18  Figure  3 shows t h a t  t h e  nucl ides  l y ing  

wi th in  t h e  dashed o u t l i n e  a r e  expected t o  have h a l f - l i v e s  of about 1 sec  o r  

longer .  Many undiscovered nuc le i  ( l y ing  ou t s ide  the  dashed l i n e )  a r e  pre- 

d i c t ed  t o  have ha l f - l i ves  of t h e  order  of 1 sec ;  a s  Fig .  8  shows, many of 

t hese  n u c l e i  have s u f f i c i e n t  f i s s i o n  y i e l d  t o  enable them t o  be s tud ied  with 

an  ISOL system with t h e  c a p a b i l i t i e s  of TRISTAN 11. 



Before making specific predictions of mass-separated fission-product 

activities available with TRISTAN I1 at the HFBR, a general estimate of 

activities produced can be made. With a 2 g target of 2 3 5 ~  in the H-2 

10 2 external beam thermal f l u  of 4x10 /cm Is, the total activity in the target 

would be 1.1 x 1011 fissions/sec or 3 Curies. For an isotope on the minimum 

cross-section contour of 1 mbarn shown in Fig. 8, the production rate in the 

5 target would be 2x10 /sec. Even at this minimum rate, mass-separated activi- 

3 ties of about 10 /sec would be available for isotopes with an overall 

efficiency of about 1%--more than adequate for the discovery of new isotopes. 

3.2 Estimated Activities at the HFBR 

Figures 10 and 11 present, in different formats, the results of a predic- 
. . 

tion of expected activities for fission-product nuclei.in two mass regions. 

These two regions were chcsen because they lie near single or double shell 

closure and because good clement efficiencies exist in these two regions. 
. . 

Rare-gas or alkali-metal fission products were not included since studies of 

such products are. not anticipated for TRISTAN 11 at BNL due to past and current 
. . 

comprehensive studies of thesq products at 'many ISOL facilities. The left-hand 

scales in Fig. 10 involve an effective yield which takes into account overall 

element efficiencies. The effective yield Ye(Z,A) represents the yield to be 

expected at a detector ststion after mass separation. For each nuclide the 

following expression was used to calculate Y (2.A): 

Y,(z,A) = ye(?-1,~) + E(Z) [Y~(Z,A) - ~OE(Z-~)Y~(Z-~,A)I, 
where Y (Z,A) represents cumulative yield and ~(2) is overall efficiency. 

The Y (Z,A) values were taken from the recent compilation by voigt19 and the 

6 
OSIRIS results were used for ~(2). 



The first term in the preceeding expression gives the yield due to 

the mass-separated precursor.in the decay chain. The second term gives 

the extractable fraction of the cumulative yield in the target. The 

third term is a correction needed because some of the cumularive yield of 

the precursor does not decay within the target, having been lost as 

either extracted precursor or pumped out of the ion source as.neutra1 

atoms. The factor of 10 in the third term is used to estimate this loss 

and is based on the sbservation that only about 1 ion in 10 is extracted 

for rare-gas fission products introduced directly into the ion source. 

Since the third term is of second order in efficiencies and is expected 

to be much less than unity, the estimate given above for this term is. 

adequate for the present discussion. In the right-hand scales of Fig. 10 

(and for Fig. ll), the effective yields are converted into activities by 

10 2 selecting a 2 3 5 ~  mass of 2g and the 4 x 10 /cm /sec thermal neutron flux 

of the H-2 external >earn line at the HFBR. 

A few comments are in order concerning the independent and.cumulative 

effects on the shapes of the curves in Fig. 10. The curves for Zn and A% 

are Gaussian since the efficiencies of their respective precursors were 

assumed to be zero. The curves for the other elements reflect the mass- 

separated cumulative effect. The curves for Br and In show clearly 

separated regions of cumulative and independent domination. The seemingly 

large shift in the peak of the Br curve is due zo the rather sharp 

increase of efficiency for Br compared to its immediate preclrsors. 

Half-life effects on the activities expected were not taken into 

account in the preceding calculation because the delay time distributions 

between production and ionization are not known. The OSIRIS efficiencies, 



which were measured in such a manner that only longer-lived activities could 

be used, should be valid when the half-life is as long or longer than the 

verage delay time. For half-lives short compared to the delay time, however, 

the predictions shown in Fig. 10 would be too large due to neglect of decay in 

the target. Delay time distributions have both prompt and slow components, 

and little is.known about the shape of the distributions .for such a target 

system. For elements'with efficiencies of 10-~-10-~ the delay times may be in 

1 3  the range 10 -10 sec; for elements with efficiencies of l0-~-10-~, the delay 

time range is probably 1-10 sec.20 Both target thickness and target tempera- 

ture affect the delay time distribution of each element. Diffusion times 

decrease rapidly with increasing temperature, hence'slightly higher operating 

temperatures (1700-190O0C) could cause a significant increase in the efficiency 

2 1 
for a very short-lived isotc.pe. For example, it has been observed at OSTIS 

that the yield of 0.1-sec "~b increases by more than an order of magnitude ~ 

when the temperature is increased from 1700°C to 190O0C. Operating temperatures 

above the 1500°C of the OSIF.IS target could well compensate for possible 

overestimations of expected activities of very short-lived isotopes given in 

Fig. 10 and 11 due to half-life effects. Furthermore, the higher ionization 

efficiencies.anticipated with the modified-FEBLAD ion source could also compen- 

sate in part for the neglect of half-life effects in the predicted activities. 

. Possible Studies with TRISTAN I1 at the HFBR 

In spite of the undertainties in the preceding calculation of activities 

due to 'possible half-life effects for the shorter lifetime nuclei, the numbers 

in Fig. 10 and 11 provide a useful estimation of the activities available 

with TRISTAN I1 at the HFEiR. Detailed decay scheme studies, including coin- 

3 4 cidence measurements, are possible with activities of 10 -10 /sec; singles 



2 
studies of intense y rays require minimum rates of -10 /sec; half-life 

measurements or identification of new isotopes can be made with lower activities 

provided background rates are.10~ enough. Many nuclei (60-80) lying outside 

the solid outlines of Fig. 11 might be expected to have activities above 

3 4 about 10 -10 Isec, whicb would be adequate Eor detailed decay scheme studies. 

Also, for many of the nixlei within the solid outlines, additional or more . 

comprehensive studies are well worthwhile. A large number. (20-25) of new 

isotopes outside the dashed outlines might be identifiable with activities 

2 3 
of about 10 -10 /sec. 

The preceding estimates of the numbers of nuclei lying outside the 

solid or dashed outlines of Fig. 11 could be regarded as upper limits since 

losses due to half-life effects were not included in the estimated activities. 

The estimate of about 20-25 (for isotopes lying ouzside the dast:ed outlines) 

should be most affected by half-life effects since these nuclei are expected 

to have short half-lives o£ the order of seconds.'?' Nevertheless, a. substantial ' 

number of new isotopes should be available with sufficient activities to 

permit identification or more comprehensive study. Furthermore, when one . 

considers the diversity of possible studies (see Table 5) that could be done 

with TRISTAN I1 at the HFBR, one must recognize that many of the previously 

studied nuclei that lie within the solid ouelines have not been sufficiently 

studied. In particular, atomic spectroscopic studies have been made for 

very few :fission products. This is also true even for the rare gases, alkali 

metals and daughters (which were not included in Figs. 10 and 11 since nuclear 

spectroscopic studies are quite advanced at present for these fission products). 

Thus, of the nuclei expected to be available with TRISTAN I1 at the HFBR, a 



grand total of more than 100 (perhaps close; to 200) would be candidates for 

one or more of the types of studies listed in Table 5. 

4.1 Competition from other ISOL Facilities 

With a grand total in the range 100-200, it would be clearly too time 

consuming to mention all of the studies that would be interesting. Some 

choice or selection must be made before more detailed comments are given. 

One consideration to be made in selecting nuclei fcr study with TRISTAN I1 is 

competition from other ISOL facilities engaged in the study of neutron-rich 

activities. In the following, this consideration for selecting the nuclide 

regions of Fig. 11 is discussed. 

As stated previously, the rare gases Kr and Xe and their daughter 

activities have been studied for years at TRISTAN I, ARIEL, SOLIS, and IALE 

(see Tables 1 and 2). The alkali metals Rb and Cs and their daughter acti- 

vities are still being studied at SOLIS, SOLAR, OSTIS and the ISOL facilities 

at Mainz and McGi11. Although these studies are not complete (some of the 

studies have only recently begun), it is clear that investigations of these 

nuclei at TRISTAN I1 could not constitute the major thrust of the research 

program. 

'The direct ISOL facilities JOSEF and.LOHENGRI1J must also be considered 

as possible competitors. In addition to the direct fission-product and 

microsecond-isomer studies for which .these two facilities have no competitors, 

nuclear spectroscopic studies have been made, but the-main concentrations 

have not been in the nuclide regions of Fig. 11. At JOSEF, the major con- 

centration in nuclear spectroscopy has been in the nuclear shape-transition 

region around mass 100; involving primarily Sr, Y and Zr nuclei.22 At 



LOHENGRIN, nuclear spectroscopic studies have concentrated in two regions -- 

near mass 150 (Cs, Ba, La, Ce, Pr) and near mass 100 (Rb, Sr, V, Zr, Nb), 2 3 

with the later studies aften done in coordination with JOSEF. 

The SIRIUS facility at Strasbourg could also be considered as a possK~le 

future competitor. Although SIRIUS is presently an operzting facility, the 

thrust has mainly been in improving the interconnection of the helium jet and 

ion source. Identification of the isotopes available and determination of 

o-~erall efficiencies have been ioitiated only recently. The goal of the 

project is to establis:? a facility for on-line studies of the lanthanide 

fission products, for which there would be little competition. Thus the 

emphasis in the research program, which is only beginning to be established, 

should not involve the nuclides of Fig. 11. 

. The OSIRIS facili~lr at Studsvik separates the same fission-product 

elements as TRISTAN 11, as the mass scans in Fig. 7 show. An excellent 

review of the OSIRIS facility and the experimental program was recently given 

by ~udstam.~ More than half of the research program has been devoted to 

systematic studies such as beta decay properties, total decay energies, 

delayed neutron properties, and independent fission yields. As a consequence, 

detailed spectroscopic studies have constituted only a relatively minor part 

of the research program. Of the spectroscopic studies at OSIRIS, the light 

fission products have nearly been neglected, with one joint experiment 

(ZOSEF, LOHENGRIN and OSIRIS) published. Several spectroscopic studies of 

the heavy fission products have been made in the region near 2=50, extending 

up to doubly magic 132~n. (See Ref. 7 for the list of reports on nuclear 

spectroscopic studies at OSIRIS.) In addition to continuing the present 



projects5 future plans at OSIRIS involve projects to expand the range of 

elements processed. Even if the number of elements available at OSIRIS does 

not expand, with the eleaents now availab1e.at OSIRIS (and TRISTAN 11), to 

quote Rudstam in.Ref. 7, "The field is still far from being. fully explored,. 

and we forsee a .long period of fruitful research." 

From the preceding brief-discussion of.areas of concentration at other 

ISOL facilities engaged in the study of fission products, it should be.clear 

that the nuclide regions shown in Fig. 11 are the regions in which TRISTAN I1 

would have minimal competition. This statement is particularly true for 

nuclear spectroscopic studies,. as only a minor part of the research program 

at OSIRIS has involved studies in this region. Although such studies in the 

nuclide regibns of Fig. 11 have been shown to have minimal competition, the 

question of whether'these.nuc1ei are worth studying should be addressed. 

4.2 .Nuclear Structure Studies 

For the light fisslon-product region of Fig. 11, the nuclear structures 

of the nuclei near the R=50 shell could be systematically explored. Although 

the nucleus 78~i, which is' expected to be doubly magic, is beyond reach, 

nuclei with. a few partic1es.o~ holes relative to a 78~i core could be studied. 

For the N=50 isotones, ?roton particle states could be explored' in nuclei 

with.three or more protms beyond the 2=28 shell, i.e. 'l~a, 82~e, 83~s, 

etc. Neutron hole states in the Nr50 shell and neutron particle states 

beyond N=50 could be studied in odd-A.nuclei of Ce and Se. The behavior of 

collective states in even-every nuclei on either side of the N=50.shell could 

be systematically studied., For..the low-lying levels in even-even Ge, Se and 

Kr nuclei, the trends near N=50 would reveal whether the closed shells at 

N=50 and Z=28 affect tke level spacings in the same manner as closed shells 



do nearer stability. Nuclear structure studies in the light fission-product 

region o£ Fig. 11 would allow our knowledge of the.structure of nuclei around 

the N=50 and 2=28 shells, which was obtained near stability, tc be extended 

towards 78~i. This could thus shed light on the unanswered question of 

whether these magic nunbers remain magic as 78~i 1s approached. 

For the heavy fission-product region of Fig. 11, both the 2=50 shell, 

N=82 shell and doubly magic 132~n regions could be systematically studied. 

The nuclei near 132~n .re especially interesting. As Fig. 11 indicates, 

activities should be slifficient to study level structures of tho single 

neutron-hole nucleus 13'sn and the single proton nucleus l3jSb through the 

decays of l3'1n and 133~n, respectively. It might also be possible to study 

levels in both 132~n and 1333n through the decays of 132~n and 133~n, respec- 

tively, if the activities realized are not too far below the upper-limit 

estimations of Fig. 11. The proton-hole nucleus 13'1n, however, seems to bs 

beyond reach through the decay of l3'cd. In terms of "valence" nucleons or 

'nucleon holes relative to 132~n, possible studies .:auld i~volve the following 

nuclei: valence-0 132~n, 2 or 3 of the 4 valence-1 nuclei, 4 or 5 of the 8 

valence-2 nuclei, 6 or 7 of the 12 valence-3 nuclei, 8 or 9 of the 16 

vaience-4 nuclei, etc. Thus at least half of the low-valence'nuclei near 

13'Sn could be systematically studied with TRISTAN I1 at the HFER. Of .the 

21-25 nuclei listed above as possible, some nuclear structure information 

exists, particularly for the proton-particle neutron-hole nuclei nearer 

st~bility. As 132~n is approached, the information bec0me.s nore scarce, with 

most of the existing information coming from studies at OSIRIS. Compre- 

hensive studies have not been made for the large majority of these nuclei. 



TRISTAN I1 and OSIRIS both have the opportunity to make substantial contribu- 

tions to our knowledge of nuclear structure in this especially interesting 

region. 

In addition to shell-model oriented studies in the heavy fission-product 

region of Fig. 11, collective properties of even-wen nuclei could also be 

explored with TRISTAN 11. Even-even isotopes of Cd, Sn, Te and Xe, whose 

expected activities can be obtained from Fig. 11, could be studied. Also, 

even-even Ba and Ce isot~pes would be available. A large number of these 

nuclei have not yet been studied in sufficient detail to provide the in- 

formation needed to test the collective models. In addition to the behavior 

of collective states as the two' shells 2=50 and N=82 are approached, trends 

in collective behavior as the nuclei approach the nuclear shape-transition 

regions below the 2=50 shell and above the N=82 shell could be systematically 

mapped. 

In the preceding discussion of interesting studies to be made with 

TRISTAN I1 for the nuclide regions of Fig. 11, the emphasis was directed 

towards nuclear structure studies. In addition to the nuclear spectroscopic 

and atomic spectroscopic measurements required to obtain the nuclear structure 

information outlined above, many other interesting studies would clearly be 

possible for the nuclei in Fig. 11, as a glance at the possible studies in 

Table 5 shows. Although the other types of studies could also be discussed 

in some detail, the precading limited discussion is sufficient to indicate 

the large number of interesting studies of the nuclei far from stability that 

would be possible with TIiISTAN I1 at the HFBR. 
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TABLE I: C W C T E R I S T I C S  OF EXISTING I M L  FACILITIES AT RUCIORS 

Ueufron flux Delny rime Type of Approxlmnre 
Name, locncian Taraer and nr  rorgcr from production lan source Elements exrmcred, vlrti over011 
lriol operocion) rnraer condlrlons :cm-2 aoc I) co lonixation (rcmpcrorure) decay products excluded eft~elency 

IRISTAN, hmes , 2 3 5 ~  oa u02 2 i lo1) rh. 12 soc rmna. ascll. elecr. xr. xe 10-~-10-~ 
(Nov. 1966) (0.28 of  600.C) (17OO.C) 

235u as srearnre 3 x 109 th. 1.2 eee rmne. Br.Kr.l.Ke 10-3-10-~ 
(2-48 a t  20°C) 

ARIEL. Crcnoble 233.35.38~. 2 3 2 ~ h  lo8 16-ncv 4-6 sec rrons. ancll. elerr. Kr.Xe 
(June 1968) (48 UO2 or ereamre) 11700'C) 

235u ns UO 5 x 108 rh. 
(108 or  20.2) 

SOLIS. Sorep 2 3 s ~  oe  ereornte 2 x lo9 rh. 0.3 sec rmne. oscll. ele:r. Kr.Xe 
(July 1968) (2-48 o r  2O.C) (1700°C) 

0.1 see surfoce 103. ~b,ce:sr.l 
(18OO.C) 

OSIRIS. scudsvik 23% as uo2 + uc L r 1011 rh. 1-10> sec o s c ~ ~ .  elezr. ~ n . ~ e . ~ c . ~ s . ~ r . ~ ~ , ~ b , s r .  10-6-10-2 
(July 1968) (0.28 o r  1500.C) (lSOOeC) Ag.Cd. ~~.S~.S~.TE.~,XE.CS,BB 

23% oa U02 + UC " 

(28 a t  1500eC) 

IALE. Buenos ~ l r e s  23% as erenrsre : x 108 rh. I sec rrone. oacil. c1e:r. .Br.Kr,l.xe IO-)-IO-~ 
(March 1969) ' (14% ar 20.C) (17OO.C) ' 

JOSEF. JL~IIC~' 235u no uo I x 1016 rh. tleec recoil none - recall a11 tlaslon products (there 1 0 - ~ - 1 0 - ~  
(Nov. 1972) (4- ac 5002C) In rorr gae 1e.m chemical selscrlvlry) 

SIRIUS. Stroebourg 235u as UO 
(June 1973) 

I x 10" th. 8 sac trans. hollow carh. Sb.Sb.Te.l.Xc.Ca,8n.cc.~r + 
(1- or.20.6) 

10-6 
(2200nC) ochers (survey Incomplete) 

2 eec rrona. I O - ~ - I O - ~  

'"u os uo2 3 x 1011 rh 2 sec rrons. 
(0.68 or 50'~) 

MULR. Pullman 
(Jan. 1914) 

"% os.UO2 I x lo9 rh. 
(18 at 1600°C) 

0.1 Bet surface 103. Rb.Cs;Br.l;Sr.Bn 
(Sr.Be: 7 m l n . )  11600°C) 

WHENGRIN. crenoble9 2 3 5 ~  as uo2 : x 1 0 1 ~  th. vscc recall non - recou a11 tiasion products (there 10-6-10-5 
(Karch 1974) (1- nc 500.C) In vacuum is no chsmlcnl eclecrlvlry) 

OSTXS. Crfnoble 2 3 s ~  am UO 
(Oct. 1915) 

3 x lo9 rh. 
(28 s t  1800.8) 

0.1 sec surfoce ion. Rb.Cs 
-(180ODc) 

10-2 

"ISOL". m l n z  "% 0s U02 3 x 1011 rh. 
(Oec. 1915) (18 nt 1800.C) 

0.1 eec eurface'lon. R~.CS 
(1800.C) 

10-2 

Vadllry is atren clnsalfled ns m e s  onnlyrcr rather than ISOL. 



TABLE 2: C W C T E R I S T I C S  OF EXISTINC ISOL FACILITIES AT ACCELEIULTORS 

oelay rlmc ~ y p e  of A p p r o ~ I m f ~  
~ o n c ,  1acs:ion Cenerol closalficarion Parrlcle currenc from production Ion source Eleoenre cxrrocred. with overall 

(inirlnl operation) of rnraer morerials and energy to  ionirotion (rcmpcrscure) decay products excludcd efflcl---" 

hydrous oxides of Z r .  
ca, n (roam cemp.) 

molten metals or allays 
(600 - 1400.C) 

10 - 102 SlC 

10 - 102 sec 

1 - 102 eec 

10-1 - 1 BEE 

Ce. Th ceramic arldes 
(500 - 2100.C) 

tine powders of Nb, Te 
(2000 - 2200.C) 

surfnce ion. 
(28OO.C) 

surface ion. 
(2000.C)' 

a11 targets nbove can 
be used vlrh ISOLOE 11 

any of rhc 
rypes above 

all 24 elcmcnrs above ore 
poselble virh ISOLOE 11 

Ha PINGIS. Sra:kholm 
(June 1959) 

10-1 - 102 eec 

rhln mersl foils 
(200 - 12OO.C) 

thin moral foils with 
~e ]er flow aysrem 

10-1 - 102 sec oecll. elecr. 
(1600.C) 

UNISOR. Oak Ridge 
4sept. 1912) ' 

10 - 30 u c  
(gas fl." urn=) 

102 - 101 aoc '1SOL". Iokyo 
(No". 1912) 

rhln Cu foils 
(600 - 1000.C) 

10 - lo2 sec 

1 - 103 u c  

10 - 103 scc 

hollow corh. 
(2200.C) 

rhin metal foils 
(200 - 1000.C) 

surface 1.3". 
(2100.C) 

Rb.Cs.Ba.La,Pr. 
Nd.Pm.Sm.Eu.0y 

Cd.In,Sb.Ho.Er.Tm.Yb. 
AI:.H~.T~.BI.PO,AI.F~ 

all 14 elements above are 
poselblr with ISOCELE 11 

I" 

ISOCELE. Orsny 
(war. IS14) 

molcen mcrels or alloys 
(100 - 1800.C) oscil. elect. 

(18009C) 

lJ - 10) scc He (8s filament 
of ion source) 

oscll. elecr. 
(1800.C) 

chin mernl foils 
(Hc j e t  nr 80.K) 

rhln metal folls 
(He let u i c h  NsC1) 

0.5 - 1 ~ a c  
(gas flow time) 

O S C I ~ .  elecr. 
(1300eC) 

hollov carh. 
(2000.C) 

rhin metal folls 
(500 - 1000.C) 

B".~Bc~ ion. 
(2000°C) 

10-1 see surface Ion. 
(2000.C) 



TABLE 3: Source  R e f e r e n c e s  f o r  E x i s t i n g . I S O L  F a c i l i t i e s  

TRISTAN Ref.  4 (Also Ref' 24-27) , 

ARIEL Ref .  ' 2 8  (Also Ref. 24) 

SOLIS 

OSIRIS . , 

IALE 

JOSEF 

SIRIUS 

SOLAR 

LOHENGRIN 

OSTIS 

"ISOL" Malnz 

IS3LDE 

PINGIS 

UNISOR 

"ISOL" Tokyo 

BEMS 

ISOCELE 

LISOL 

"ISOL" J y v z s k y l a  

"ISOL" Darmstadt 

"ISOL" McGill  

Ref.  29,30 (Also  Ref.  24-26) 

Ref.  6,7;10 (Also  Ref .  24,25,31) 

Ref. 32 (Also Ref.  24) 

Ref.  22.33 (Also Ref.  24,25.,31) 

Ref.  34 (Also Ref .  25) 

Ref .  35,36 

Ref .  23  (Also Ref.  24 ,25 ,31)  

Ref .  37 

Ref .  38  

Ref.  39 ,40  (Also  Ref .  24-26,311 

Ref .  11 (Also Ref .  24 ,25 ,27)  

Ref. 41 ,42  (Also Ref.  25 ,26)  

Ref. 4 3  

Ref.  44 ,45  (Also Ref .  31) 

Ref.  46,47 (Also  Ref .  25.26) 

Ref.  48 (Also Ref.  26) 

Ref .  49 (Also Ref.  26) 

Ref .  5 0 , 5 1  (Also  Ref .  25,26) 

Ref .  52 



TABLE 4: Overall efficiencies for various elements obcained 

with old and new target arrangenents at OSIRIS. 

- - -  - -- 

Element Mass number Half-life Overall efficiency in X 

measured in sec Old systema New system b 

2.5 

2.7 

0.29 

0.01€ 

0.04C 

0.025 

0.25 

0. OOEO 

1.5 

2.6 

2.7 

0.30 

0.40 

0.060 

0.090 

0.035 

0.045 

0.oo:o 

a Old system (0.3g) refers to the original U02 loadjng technique. 

New system (1.5g) refers to the improved U02 impregnating technique; 

see Ref. 6 or Ref. 7 for details. 



TABLE 5 :  Summary of Possible Studies at ?SOL Facilities 

Nuclear Masses 

Direct mass measurements 
Q-values of a decay* 
Q-values of .% decay 

Delayed-particle Emission 

Neutron or proton* emission probabilities 
Energy spectra of neutrons or protons* 
y-n or y-p* coincidences 

Nuclear Spectroscopy 

Half-lives of %-decaying isomers 
Y singles and %-gated y spectra 
e- singles and %-gated e- spectra 
y-y and e--y coincidences 
y-y angular correlations, 
a spectra* 
a-y coincidences* 
I3 spectra 
Absolute decay rates (6 and y) 
Half-lives of nuclear excited states 
Magnetic moments of nuclear excited states 
Search for new nuclides 

Atomic Spectroscopy (Dye-Laser or rf studies) 

Nuclear spins 
Nuclear magnetic multipole moments 
Nuclear electric multipole moments 
Hyperfine anomalies 
Isotope shifts 
Isomer shifts 

Reaction Yields 

Mass distributions or yields 
Nuclear charge distributions or yielcs 
Ionic charge distributions 

Isotope Produ-tion 

Radioisotopes for medical uses 
Exotic radioactive targets for reaction studies 

Solid-State Studies 

Measurements of atomic magnetic fields 
Ion implanatation studies 
Low-temperature nuclear orientation studies 

*Indicates study not possible for ISOL facilities at reactors. 



Figure 1. Schematic diagram of TRISTAN I1 at 
the ALRR in Ames. 
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Figure 2. Close-up and ver t i ca l  views of 
TRISTAN I1 a t  the ALRR. 
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F i g u r e  3. D e t a i l s  o f  t h e  in-beam i o n  scurce 
used w i t h  TRISTAN I 1  a t  t he  ALRR i n  h e s .  
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F i g u r e  4. D e t a i l s  o f  t h e  modified-FEBIAD in-beam 
i o n  source t o  be used w i t h  TRISTAN 11. 



Figure 5. Schematic diagram of TRISTAN I1 at the 
HFBR in Brookhaven. 
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Figure 6 .  Periodic table  of the elements, s h o ~ i n g  
elements avai lable  with TRISTAPI I and TRISTAN 11. 



Figure 7. Mass scans of fission-product activities 
obtained with'4n B counting at O S I R I S  and TRISTAN I1 
in Ames; the mass distribution for thermal neutron 
fission of 2 3 5 ~  is included for reference. 
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Figure 8 .  Contours of independent f i s s i o n  cross-  
s ec t ions  i n  barns for  :35u(nth, f i s s i o n ) .  



Figure 9. Contours of half-life predictions and 
neutron drip-line predictions for neutron-rich 
nuclei in the fission-product region of the chart 
of the nuclides. 



Figure 10. Effective fission yields calculated 
with the OSIRIS overall efficiencies,(left-hand 
scales) and saturation activities expected with 
TRISTAN I1 at the HFBR (right-hand scales). 





INITIAL RESULTS WITH THE BERKELEY ON-LINE MASS SEPARATOR - RAMA* 
I 

Joseph Cerny, D. M. Moltz, H. C. Evans', D. J. Vieira, 

R. F. Parry, J. M. Wouters, R. A.  Gough, and M. S. Zisman 

Department of Chemistry and 
Lawrence Berkeley Laboratory 
University of California 
Berkeley, California 91720 

Introduction 

We have for some time been interested in developing a reasonably fast 

and universal (having little or no chemical selectivity) on-line mass analysis 

system to expand our capabilities in studying nuclei far from stability. 

The system selected was sriginally proposed by ~itschkel and is termed RAMA, ' 

an acronym for Recoil At3m Mass Analyzer. Basically, this system utilizes the 

helium-jet method to transport activity to a Sidenius hollow-cathode ion source 

which is coupled to a mass spectrometer. A comprehensive discussion of RAMA 

will appear elsewhere. 
2 

Present System 

A schematic diagram of the overall RAMA system is given in Figure 1. 

The RAMA helium-jet employs chemical additives in the helium (presently ethylene 

~lycol) which, in the presence of sufficient ionizing radiation, builds up 

 aerosol^.^ Attachment of the radioactive nuclides to these high molecular 

weight aerosols is necessary to insure good transport efficiency and a small .. 

opening angle for the activity as it exits the 1 mm ID, 5.8 m long stainless 

steel capillary tube. Transport efficiencies of between 10 and 60% have 

routinely been achieved, though the latter is much more typical when conditions 

are optimized. 



The capillary exit is aligned with a skimmer :Imm orifice) at a distance 

of approximately 7 mm. This skimming removes nost of the helium while allowing 

a majority of the activity to pass through the skimmer undeflected. One series 

of tests with 20Na activity demonstrated an opening angle of 2.8' for 55% of the 

activity. (Many tests of the RAMA system have been performed with the 6-delayed 

2 4 
alpha-emitter 20Na, produced via the Mg(p,an) reaction at 38 MeV, due to its 

easily identifiable alpha croups and its short half-life of 415 msec.) 

As seen in Figure 1, the skimmed activity then enters the RWA hollow- 

cathode ion source. This ion source has been operated using both tantalum and 

tungsten filaments, with the former lasting on the average ?. 50 hours at 1600 OC. 

Tungsten filaments have been tested for periods of up to 100 hours at temperatures 

exceeding 2000 OC. Under the arc conditions prevalent at these temperatures, 

the species of interest is ionized primarily to +1 (recent tests indicate 

40~r+1/40~r+2 
100 under normal arc conditions (Arc Current = 1.0 - 1.5A; 

VARC = 180-25OV). 

In our setup, good ion source efficiency as well as optimal mass 

resolution depend strongly upon the arc conditions. Different arc conditions 

can change the emittance of the source, so that it is no longer well matched to 

the acceptance of the spectrometer system. The arc conditions are governed by 

ttree independently adjustable parameters: electron density (filament temperatlre). 

electron temperature (arc voltage), and neutral gas density. 

Internal beams of 41'Ar+1 and 20Ne+1 ions from the RAMA i ~ n  source were 

used to determine the effects of various optical devices in the mass analysis 

system. The first device after the ion source is an Einzel lens; tkis electro- 

static element is used to focus the beam into the liien filrer, a crude velocity 

selector used to separate the large component of He+' (arc support gas) pl'oduced 

in the ion source from the nuclide of interest. 



The beam then enters the main mass analysis system which consists of an 

electrostatic quadrupole ,triplet, a sextupole, a dipole, and a second sextupole. 

2 quadrupole triplet is necessary to match the beam profile to the acceptance 

of the dipole analyzing magnet. The first(upstream~lsextupo1e corrects for 

second-order aberrations while the second (downstream) sextupole rotates the 

focal plane by 60' so that it is normal to the analyzed beam. When all components 

are optimized, values of n / h  from 170 to 210 are obtained. This resolution was 

where D is the measured dispersion of calculated from the equation Res = - 
2w 

164 cm and w is the measured width in cm at one-tenth maximum (FN.1M). 

Figure 2 presents the mass spectrum of most of the tin ,isotopes after 

the optics parameters were optimized. This spectrum was obtained with a 

CEM (Channeltron Electron Multiplier) which permits calibrations to be done with 

very low intensity beams. Quick calibrations are routinely obtained during an 

experiment to monitor any small changes in operating conditions not easily 

detectable by external means. 

Once the activity has been focused through a symmetrically opening slit 

system in the focal plane onto a collection foil, the decay products from the 

nuclides of interest are detected by a counter on the focal plane. Alternatively, 

the activity can be physically removed from the collection point by a 180' 

rotary-solenoid-operated flipper-wheel system. In order to characterize the 

cays of the various nuclei of interest, solid state detector telescopes, a 

plastic scintillator telescope for high energy 8- garticle detection, and 

y-ray detectors are being incorporated into the flipper-wheel system. 



Initial Experiments 

The initial tests involved checking various optics paraeters with 20Na 

activity as well as '''At produced via the 20913i(01,2n) reaction at Za = 27 MeV. 

Efficiencies for various components of the RAMA system for Na and At as well as 

for Te and Dy, which will be discussed below, are given in Table I. 

After these tests, one sequence of experiments was performed to confirm 

the mass assignments of a number of the short-live3, high-Z rzre-earth alpha 

particle emitters produced s y  (H1,xn) reactions on various targets. The initial 

reaction studied was 142~d(12~,xn)154-x Dy withthe intention cf .~bserving the 

alpha emitters 150~y and 15'Dy, which are made'in high yield ( > 500 mby. 

Furt,her experiments confirmed the mass assignments of other N = 84, 85 rare-earth 

, alpha particle emitters from terbium through ytterbium with half-lives ranging 

from 4.1 h to 400 msec. Figures 3 and 4 are examples of these alpha particle 

emitters while Table I1 summarizes our observations compared t3 the literature 

assignments. 
4 

Some of the odd-Z rare-earth alpha emitters were also investigated. 

These nuclides exhibit substantial isomerism, with the excitation functions for 

the low-spin isomers shifted relative to the hiqh-spin isomers by as much as 

18 MeV,much more than is usually observed in excitation function shifts for 

isomer production in other mass regions. This is particularly noticeable for 

151 
Ho,when produced by the 141Pr(160,6n) reaction, has a peak yield Eor the 

5 
high-spin isomer at 123 MeV relative to 105 MeV for the Pow-spLn isomer. 

This situation was investigated with the RAMA system to clarify the nass 

assignments of these isomers because the excitation function for l5'ao "IN) 

peaks very near that for 152Ho(H1GH and thus could conceivably have been In 

isomer of 152Ho. Our experiments did, however, .confirm the earlier mass 

assignments. 



A more recent experiment has verified the mass assignment of l1'Te 

through the observation of the beta-delayed protons associated with its decay. 

he mass of this neutron-deficient Te nuclide was originally controversial with 

Macfarlane and .5iivola6 ~ssigning the 19 sec 6- delayed proton activity to ''''re 

7.8. 
and Bogdanov &. assigning & to ll1Te. Figure 5 shows that the known 

proton spectrum appears at the mass 111 position so that the observed protons 

can be attributed to the decay of lll~e; this has been. separately'confirmed by 

recent work reported. from UNILAC.' Further studies in this region have led to 

the.observation of delayed protons from lo9~e and the recently9 discovered 
1121 

14 produced by the '02Pd(12c,5n) and 1°?Pd( N.4n) reactions, respectively. 

Planned Improvements 

Several instrumental changes are.planned for the near future. First, 

the entire ion source-extractor region will be modified to improve the geometry 

(and hopefully the efficiency). and to permit easier ion source access for changes 

and maintenance. Increasing the high voltage extraction from its present value . . 
of 10.5 kV will be investigated to reduce the beam emittance and improve the 

transport efficiency of the ion optical system. In order to remove the activity 

from the focal plane further than is now allowed by the flipper wheels, a fast 

tape transport system is being designed and built. An X-ray detection capability 

s being added for continuing experiments in the 1: = 50 closed shell region. 

Future studies will also involve searching for lieht, neutron-deficient, beta- 

28 . particle emitters, such as 27P produced by the Sl(p,Zn) reaction. 
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Table I. RAMA Ef f ic ienc ies  

ne - je t  2 0 % ~ )  60% 1 0 % ~ )  1 5 % ~ )  

Skinrmer 70% 60% 60% 70% 

 on Source 0.2 % 
3 0 . l2% 

%0.2% 0.2% 

Magnetic Arnalysisb) 50% 50% 50% 50% 

Overall 0. C16% 0.02% 0.01% 0.01% 

a )  Not Optimized. 
b )  Calculated based on measured ion source emittanae. 

Table 11. Rare-Earth ~ l p h a - p a r t i c l e  m i t t e r  Mass Confirmations. 

E 
a t 

1/2 
rquclide Z observeda) ~ i t e r a t u r e ~ )  Observdd ~ i t e i a t u r e ~ )  

(MeV) (MeV) 

15lno(High Spin) 67 

a )  Typical e r r o r s  i r e  f 0.03 MeV. 

b) Ref. 4 .  
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Figure 1. Overall schematic diagram of RAMA. 



~ i ~ u r c  2. Channeltron electron multiplier scan of 
stable tin isotopes from 114 to 122. The valleys 
between adjacent masses do not go completely to 
zero because of response time in the CEM electronics 

. and small amount of tailing. 
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Figure 3. lS3~r alpha spectrum at the mass 153 focal 
plane position produced by the 142~d(160,5n) reaction. 
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Figure 5. Proton spectrum at the mass 111 position 
from 111'Ie produced by the 102~d(l?~,3n) reaction 
at 70 MeV. 
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1. Introduction 

I should like to begin this talk by a brief description of our 

separator itself and of the basic techniques used before I go on to 

discuss some of our recent electron and y-ray experiments. Gas-filled 

separators have been succkssfully used for the investigations of recoils 

from fission or heavy ion reactions. One advantage of this type of 

separator is the high beam intensity which may be achieved since for 

suitable gas fillings the magnetic rigidity is approximately independent 

of the primary ionic charge and the kinetic energy and is essentially a 

function of the mass and nuclear charge of the ions. Another advantage 

is the short separation time which is of the order of a psec and is 

determined by the tire of flight of the recoils through the separator. 

The main disadvantage is, that the mass resolution is limited by multiple 

scattering in the gas. A new gas-filled separator named JOSEF 

(Julich On-line Separator for Fission Products) was installed at the, 

reactor Di,do of the Kernforschungsanlage, Julich and has been in operation 



s ince  1973. Compared with the  smal ler  s epa ra to r  b u i l t  i n  1966, an 

im?rovement i n  beam i n t e n s i t y  by a  f a c t o r  of 300 hss  been achieved and 

the  mass r e s o l u t i o n  i s  3 t imes b e t t e r .  With these  improved cond i t i ons ,  

many i n v e s t i g a t i o n s  such a s  the  energy s p e c t r a  of delayed neutrons 

emitted by f i s s i o n  products ,  and the  spectroscopy of products wLth 

extremely smal l  y i e l d s  a r e  poss ib l e .  

I n  our present  s epa ra to r ,  t h e  f i s s i o n  products a r e  t r ans fe r r ed  

from the  U-235 source i n  t he  high f l u x  region of the  r e a c t o r ,  by an 

e l e c t r o s t a t i c  p a r t i c l e  guide,  t o  t he  ent rance  s l i t  of t he  magnet. Af ter  

transmission through the  magnet which conta ins  a  s u i t a b l e  gas f i l l i n g  

( e - g . ,  He a t  4 t o r r  f o r  t h e  l i g h t  group o r  N2 a t  0.2 t o r r  f o r  t he  heavy 

group) t he  separa ted  f i s s i o n  products a r e  t r ans fe r r ed  by E second p a r t i c l e  

guide on t o  t he  tape  of a  moving t ape  t r anspor t  system (MARIA) which may 

be moved e i t h e r  continuously o r  d iscont inuously .  In genera l  t he  

discontinuous mode i s  used and a f t e r  a  p re se l ec t ed  i r r a d i s t i o n  t ime, 

chosen t o  s u i t  the  l i f e t i m e  of t he  nucl ide ,  the  t ape  i s  moved r ap id ly  t o  

t he  counting p o s i t i o n  43 cm above. The sepa ra t ion  of t h e  i r r a d i a t i o n  and 

counting pos i t i ons  r e s u l t  i n  b e t t e r  geometry and mgch improved background 

conditionL. 

2. Cal ib ra t ion  

Although t h e  beam from JOSEF is  not  i s o t o p i c a l l y  pure,  t he  

r e so lu t ion  is  high enough t o  a s s ign  unambiguously the  nucl ide  g iv ing 

r i s e  t o  a  r ad i a t ion .  T3is is  achieved i n  t he  following mznner: The 

sepa ra to r  was c a l i b r a t e d  by using a  number of y-ray l i n e s  whose 

assignment i s  wel l  e s t a j l i s h e d  and then measuring the  i n t e n s i t y  of the  

l i n e s  a s  a  funct ion  of ' the magnetic f i e l d  s t rength .  The value  of t he  



field strength B at maximum intensity is then characteristic of the 
max 

nuclide. An example of the resulting calibration curves using He.as the 

gas filling, is shown in ref. 1). It is seen that for a particular value 

of Bmax, a nuinber of mass-charge combinations are possible. Specific 

. assignments may be made in several ways. The charge may be obtained 

independently, for example from x,y coincidences. Once the origin of 

, the main lines is known y,y coincidences establish the weaker transitions. 

3. y-ray and Conversion Electron Experiments 

In our gamma and conversion electron work we have been concentrating 

on the Yr-Mo region with special emphasis .on the Zr isotopes. This region 

is of particular interest because of the postulated region of deformation 

in neutron rich nuclei near mass ,100, so that these nuclides are in a 

region of transition and show some very remarkable properties. For 

+ 
example, in moving from 98~r to loOZr the energy of the first 2 , state 

appears to. change from 1223 to 213 keV, a striking transition from 

apparently spherical to deformed behaviour (see fig. 1). Such properties 

have led Sheline, Ragnarsson and Nilsson to propose that there exists a 

second minimum in the nuclear potential (just as in the actinides) which 

moves down in energy to become the groundstate minimum, for example, for 

the case of 'OOZr., Thus vibrational and rotational bands are p;esumed to 

+ 
coexist in'these nuclei with 0 ground and excited states forming the 

respective bandheads. I shall skip over the Zr isotopes from 96 to 99 

that we have studied and discuss the isotope Zr-100 where most of the 

interesting physics lies'. 



4. Zr-100: The 0; State 

One of the puzzling questions with regard to this nucleus was 

+ 
whether a second 'excited 0 state existed in it and if so in what position? 

As may be seen in fig. 2, we had conjectured that the first excited state 

+ of lo02r was 0 and expected this fact to remove the drastic change in 

the level energies between 98' and 100 Zirconium. It was,'therefore, 

+ decided to search for a 0 state in 100 Zirconium and to place it in the 

decay scheme. Our basic experimental arrangement had a retractable 

Si(Li) electron detector of resolution 3 keV on one side of the tape 

transport system, Ge(Li) or High purity germanium detector on the other 

side. The first experiment had the electron detector facing a high 

purity germanium detector and electrons in coincidence with the K-Xrays 

and low energy y-rays were recorded. Fig. 3 shows the results of the 

X-ray, electron coincidences. Three strong peaks .are seen in the 

Zirconium gate. Apart from the 836 keV peak in 98~r, the other two 

lines are at 313 and 194 keV. The 19& keV electrons are complimentary 

to the 213 keV y-ray from loOZr as seen in fig. 4, which is a simultaneous 

singles measurement of the electrons and y-rays. But there is no y-ray 

at 331 keV which would be complimentary co the 313 keV electron line, 

thus establishing that line as due to an EO transition.. Its unambiguous 

assignment to loOzr may be seen in fig. 5 which shows the intensity versus 

magnetic rigidity distributions of the relevant lines. The maximum of 

the 313 keV electron line is located directly above that of the 213 keV 

y-ray which is known to belong to 'OOZr. It is also situated the 
. . 

required distance away from the maximum of tt-e 836 keV electrons from 

98~r. 



A s  f a r  a s  t h e  placement of the  t r a n s i t i o n  i n  the  decay scheme was 

concerned, t h e  X-ray, e l e c i r o n  spectrum r u l e s  out  t he  scheme suggested 

by our  e a r l y  specula t ion .  This follows from the  nea r ly  equal magnitude 

+ 
of t he  194 and 313 keV peaks whereas t he  O 2  l e v e l  populated by s u c h  a 

213'keV'y-ray would be about 17 times l a r g e r  than the  313 keV e l e c t r o n  

l i n e .  In  our y ,y  coincidence r e su l t s ,  t he  213 keV l i n e  was s t rong ly  i n  

coincidence with the  118.6, 352 and 666 keV y-rays, t he  l a s t  t h r e e  l i n e s  

not  being i n  coincidence with each o the r .  I n  t he  y ,ce  coincidences,  we 

f i n d  the  313 keV e l e c t r o n  l i n e  i s  no t  coincident .wi th  any of t he  above 

y-rays whereas t he  194 keV l i n e  i s  coincident  with t he  118.6 keV y-rays. 

This p a t t e r n  sugges t ' s t he  placement shown i n  f i g .  6 .  According t o  t h i s  

scheme the ' 213  :and 352 keV 'cascade i s  s t i l l  based on the  ground s t a t e  

+ 
so  t h a t  t he  d r a s t i c  change i n  energy of t h e  21 s t a t e s  between 

9gZr .and 

l o O ~ r  remains. A second remarkable f e a t u r e  is t h a t  one i s  confrbnted 

+ + 
with a 0 s t a t e  which i s  t i e  lowest l y ing  O 2  s t a t e  discovered so  f a r .  

2 

As a r e s u l t  of a s e r i e s '  of measurements the  decay .scheme of loOy has been 

prepared.  Among o the r  f e a t u r e s  i t  was a l s o  found t h a t  loOy has two 

+ + 
8-decaying isomers. The f i r s t  with h igher  sp in  populates t he  4 and 2 

+ 
l e v e l s  whereas t he  lower spi'n one-popula tes  only t h e  0 s t a t e s .  The 

decay of 'loOy which emerged i s  a l s o  shown i n  f i g .  6.  

+ 
5. The Decay scheme of l o 3 Y :  Nature of t he  O 2  S t a t e  

+ 
This extremely low ly ing  O2 s t a t e  i n  lo0,2r is  perhaps t h e m o s t  

remarkable f e a t u r e  i n  t h i s  l e v e l  scheme and an understanding of i t s  

na tu re  should shed considerable  l i g h t  on the  many puzzl ing  f e a t u r e s  of 

t h i s  nucleus.  A number of explanat ions  f o r  t he  occurance of low ly ing  



+ 
0  s t a t e s  i n  t h e  Zr and Mo i so topes  have been proposed. Of t hese ,  t he  

two most worth explor ing a r e  t h a t  they a r e  bandheads of 6-vibra t ional  

bands and t h a t  they a r e  due t o  a .co-exis tence  of nuclear  shapes.  I f  t he  

present  0: s t a t e  is indeed the  bandhead of a  6  band then these  a r e  by 

f a r  t he  lowest l y ing  6  v i b r a t i o n s .  Since i n  t h a t  ca se  even the  approximate 

fu l f i lmen t  of the  a d i a b a t i c  condi t ion  would be ques t ionable ,  one would 

have t o  term them "quasi  6  v ib ra t ions" .  There a r e  a1so . a  number of o t h e r  

d i f f i c u l t i e s  with t h i s  explanat ion .  Thus, d e s p i t e  a  c a r e f u l  search ,  no 

+ 
o the r  member of a  $-band could be found, al though a t  l e a s t  t he  2  member' 

should be populated i n  $-decay. Secondly, i f  t he  Davydov and Chaban 
, 

+ 
model is  used t o  p r e d i c t  the  6 member of t he  ground s t a t e  band and t h e  

+ + 
0  member of t he  6-band, one sees  t h a t  t h e  value  of rhe  6 l e v e l  is i n  

+ 
good agreement with experiment but t he  predic ted  energy of t h e  O 2  l e v e l  

is very considerably  h igher .  
/' 

Fina l ly  t h e  coexis tence  of nuclear  shapes g iv ing r i s e  t o  the  tm 

+ 
0  s t a t e s  must be considered.  According t o  t he  proposal o i  Shel ine  and 

co-workers t he re  e x i s t s  a  second minimum i n  the  p o t e n t i a l  su r f ace  i n  the  

even Zr i so topes ,  which comes down i n  energy t o  become the  ground s t a t e  

minimum a t  loOzr.  I f  t h i s  second minimum i s  presumed t o  be sharply  def ined 

and a x i a l l y  symmetric then c e r t a i n  problems a r i s e  with t h i s  explanat ion .  

Thus t h e  t r a n s i t i o n s  from the  0' l e v e l  of t he  v i b r a t i o n a l  band, t o  t h e  , 

l e v e l s  of t he  r o t a t i o n a l  band should be s t rong ly  hindered whereas, a s  

we s h a l l  s e e ,  these  t r a n s i t i o n s  a r e  r e l a t i v e l y  s t rong.  Secondly the  2  
+ 

l e v e l  a t  878 keV seems t o  have some of t h e  c h a r a c t e r i s t i c s  of a  

y-vibra t ional  bandhead a s  f a r  a s  i t s  de-exci ta t ion  p a t t e r n  i s  concerned. 



If this is indeed the case such a low lying y-vibrational band would imply 

an axially asymmetric nucleus. Thus a sharply defined, axially symmetric 

second minimum is probably not consistent with our results. It is clear, 

however, that transition rates and level energies are sensitive to the 

depths of the minima and tie height of the barrier in between them as 

well as the y-degree of freedom. Moreover, dynamics are expected to play 

an important role. 

Gneuss and Greiner have made a detailed investigation of various 

potential energy surfaces and have incorporated dyn~mics in their model. 

0ne.of the potential energy,surfaces generated by them', shown in fig. 7,- 

seems to be remarkably corpatible with the level scheme of lo02r. In the 

contour diagram .of the B-y plane one sees that the deformed minimum 'is . 

axially asymmetric and located above the vibrational minimum. But due 

to the different zero point energies, the ground state is the deformed 

. , o.ne and the higher lying 0" state the spherical one, fqr a,value of 60 . . 
for their mass B2. As the value of B2 increases, the spherical 

states are lowered much more rapidlySso that the ground state becomes 

the spherical one at B2 = 200. The situation in loU3~r then appears to be 

the intermediate one where the ground state is still the deformed one, 

as substantiated by the measured value of 0.32 for the deformation 

parameter 6 of lo0=r. 

+ 
6 .  The Lifetime of the O2 State 

+ 
The'lifetime of the excited 0 state has recently been'measured. 

To do this a thin plastic '(Ne 102) crystal of thickness 0,.5 mm mounted 

on a photomultiplier was placed on one side of thb tape transport and 

the Si(Li) 'detect& was placed on the other side. A 1 mm thick 



Aluminum absorber  shee t  was placed between the  p l a s t i c  de t ec to r  and the  

tape  t r anspor t  t o  e l imina t e  t h e  low energy &rays and conversion e l ec t rons  

from being detec ted  by the  p l a s t i c  which was confined t o  having a  high 

e f f i c i e n c y  f o r  t h e  approximately 9  MeV end po in t  energy 6 -pa r t i c l e s  which 

+ 
populate t he  O2 s t a t e .  The S i (L i )  de t ec to r  de tec ted  t h e  conversion 

e l ec t rons  depopulating the  l e v e l .  Conventional cons tant  f r a c t i o n  timing 

was used. In  f i g .  8 t h e  timing d i s t r i b u t i o n  with t h e  g a t e  on the  

313 keV e l e c t r o n  peak i s  seen.  From a n  a n l y s i s  of t h e  two curves a  

+ 
ha l f  l i f e  of 3.37 + 0 .3  ns  r e s u l t s  f o r  t he  331 keV 0 s t a t e .  

Now from the  l i f e t i m e ,  and the  branching r a t i o  f o r  t h e  EO 

+ 
t r a n s i t i o n s  t o  t he  ground s t a t e  and t:?e E2 t r a n s i t i c n s  t o  the  21 s t a t ? ,  

t he  nuclear  monopole matr ix  element p may be obta ined.  Church and Weneser 

have def ined p a s  

where SEK is an e l e c t r o n i c  f a c t o r  and T i s  t h e  mean l i f e .  

By i n s e r t i n g  the  app ropr i a t e  va lues  we g e t  a  va lue  of 

p = 0.493 5 0.015. 

Now t h i s  i s  a  su rp r i s ing ly  l a r g e  value  of p a s  may be seen i n  f i g .  9  which 

shows the  parameter p p l o t t e d  aga ins t  t he  quadrupole deformation B2.  I t  

is seen t h a t  f o r  a l l  nuc l e i  p has a  va lue  l e s s  than o r  equal t o  0 .9  B2 
+ 

except t h e  present  O 2  s t a t e ,  suggesting t h a t  some f a c t o r  i s  a c c e l e r a t i n g  

these  t r a n s i t i o n s .  This f a c t o r  is the  mixing of t he  two oi s t a t e s .  For 

example, i f  t he  Var iable  Moment of I n e r t i a  model i s  used t o  p red ic t  t he  

+ 
energy of t he  6 s t a t e  i n  lOO2.r using the  E4+/E2+ r a t i o ,  t he  predic ted  

1 . . + 
value  tu rns  out  t o  be 44 keV too low, suggesting t h a t  t he  0 ground 



s t a t e  has been s h i f t e d  downw~rds. Toki and I have appl ied  the  asymmetric 

V M I  model of Toki and Faes s l e r  to.lo02.r t o  analyse  t h i s  s h i f f . .  As input  

+ + 
i n  Toki ' s  model we gave t h e  pos i t i on  o£, Z1, 4' and 2  and allowed the .  1 2  

+ + 
pos i t i on  of the  0  ground s t a t e  t o  vary.  For a p e r f e c t  f i t  t o  the  6  , 

+ 
s t a t e  we got  a s  output y = 1?O and AEo = 60 keV. Thus the  two 0  . s t a t e s  

had s h i f t e d  by 60 keV each from t h e i r  unperturbed pos i t i on .  From the  

ex t en t  of t he  s h i f t i n g  we obrained the  i n t e r a c t i o n  matr ix  element and 

hence the  values  of ' a '  and 'b '  i n  'the wave funct ions  

1 0  > = a  10' > + b  > 
1 r o t  

( 0  > = - b  10+ 2  r o t  

+ 
Thus the  0  s t a t e s  a r e  regarded a s  l i n e a r  combinations of t h e  unmixed 

+ 
r o t a t i o n a l  and v i b r a t i o n a l  0  s t a t e s .  The r e s u l t i n g  a 2  = 0.82 and b2 = 0.18. 

To t e s t  t he se  i deas  with experiment, one can ob ta in  t he  

, . + 
= 16 s .p .u .  from the  measured l i f e t i m e  of t he  O2 

B(E2)Sp . . 

+ 
l e v e l .  Now Jared  and co-workers have measured the  l i f e t i m e  of t he  2  1 

l e v e l  and hence obtained the value of 

B(EZ') ; 2: '0: a2 
Then = - = -  2 

b2 and s i n c e  a  + b2 = 1 o l e  ob ta ins  
B(E2); 2:f 0; b2 " 

a2 = 0.79 and b2 = 0.21. . . 

I n  t he  above ana4ysis i t  has been assumed t h a t  t he  t r a n s i t i o n  
. . . . 

+ + 
O 2  -+ 2' proceeds due t o  t h e  mixing of the  0  s t a t e s  only with no 

1 ; .  . . 



contribution from any other source. In actual fact we kncw that such 

transitions without the mixing do occur, although with a strong hinderance. 

Nevertheless, the agreement of the prediction with experiment is good. 

Thus it appears likely that loO.Zr in its ground state is a triaxial 

nucleus with y=17°, ds conjectured earlier. 

Finally, I would like to say a feu words on the nucleus 132~n. 

For quite some time people in the field of nuclei far from stability have 

had their eye on this goal. Pre'vious information on .the nucleus 132~n 

was a 4041 keV line possibly seen by Kerek et al:. in,'e-decay. The 

reason why this nucleus is s o  exciting is, of course, the fact that. 132~n 

is the only doubly magic nucleus as yet unstudied and that it is very ' 

neutron rich (abouc 8 neutrons away from the nearest stable isotope). 

The principle experimentor for 13'sn was W . D ;  Lauppe. , '  . 

The reasons we could observe its level scheme.are firstly that 
. . 

microsecond spin isomers exist in these nuclei which are populated through 

fission and secondly because of the 1 us separation time of our separator. 

The techniqoe used for observation was. as follows: The separated 

fragments were made to pass a pair of very thin mug'a d&tect~rs and then . 

stopped on a catcher foil, all within the main beam (no tape transport was 

used for this experiment). The muga detectors provided the start signal 

and the detected y-rays the stop signal. Intensity versus B and y-y 
P .  

coincidence runs were also carried out. The results are shown in 

figs. 10, 11, 12, 13. A 1.7 us isomer .was seen in 132~n and the 4041 keV 

y-rays was found' to be coincident with 374.3, 299.2 and 132.3 keV lines to 

form a stretched cascade. A 4415 keV line was seen as a cross over, 



resulting in the level scheme shown. Particle-hole calculations carried 

+ 
out in our institute show the level sequence as 0 , 2+, 3-, 4+, 5- and 6 

+ 

for this nucleus. The calculated transition rates and level energies 

+ 
suggest that we are missing the 2 level but seeing all the others. 

In conclusion one can say that the spectroscopy of nuclei far from 

stability on the neutron rich side is at least as fruitful as on the 

proton rich side. We have no means to populate very high spins on the 

neutron rich side as yet but the information resulting from the study of 

the low to medium spin members is yielding a wealth of new facts and 

ideas on the structure of the nucleus in this region. 
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I. I n t r o d u c t i o n  

The SOLAR i a c < l i t y  i s  an on - l i ne  mass spectrometer operated by B a t t e l l e -  

P a c i f i c  Northwest Labora tor ies  a t  a 1 MW TRIGA reac to r  located a t  Washington 

Sta te  Un i ve rs i t y .  The acronym SOLAR stands f o r  Spectrcuneter f o r  On-Line 

Ana lys is  o f  Radionucl ides and has no th ing  t o  do w i t h  a h igh  i n t e n s i t y  l i g h t  

source. The SOLAR f a c i l i t y  was o r i g i n a l l y  es tab l ished t o  neasure thermal. 

neutron f i s s i o n  y i e l d s ,  bu t  r e c e n t l y  the  e f f o r t  has been devoted almost 

e x c l u s i v e l y  t o  study o f  t he  r a d i o a c t i v e  decay o f  delsyed-neutron precursors.  

Recent co l l abo ra to rs  on the  SOLAR p r o j e c t  a re  l i s t e d  ' n  Table I. It 

should be mentioned t h a t  t h e  mass spectrometer was designed and b u i l t  by 

1 James S t o f f e l s  o f  B a t t e l l e  and t h a t  Bob Anderl, now a t  Idaho F a l l s ,  

designed t h e  s h i e l d i n g  and p a r t i c i p a t e d  i n  t h e  f i r s t  f i s s i o n  y i e l d  

experiments. 2 

11. Desc r i p t i on  o f  SOLAR F a c i l i t y  

The f l o o r  p lan  o f  t he  SOLAR f a c i l i t y  i s  shown i f i  F ig .  1. The 1 Mkl 

TRIGA reac to r  i s  i n  a tank o f  water and c3n be moved next  t o  t he  thermal 

column when needed. The neutron f l u x  a t  the t a rge t  p o s i t i o n  i n  t h e  thermal 

2 column i s  5 x 10'' n/cm sec. The t a r g e t  c o n j i s t s  o f  1 g o f  93.7% 

enr iched 2 3 5 ~  i n  t he  form o f  U02 powder mixed w i t h  1 g o f  g raph i t e  powder 

and pressed i n t o  t h i n  wafers. F i ss ion  products d i f f u s e  ou t  o f  t h i s  t a r g e t  

ma t r i x  and a r e  i on i zed  on the  ho t  sur face o f  the  oven. In tense beams o f  

6 ~ b +  and CS+ f i s s i o n  products ( >  10 ions/sec for hfgh y i e l d .  nuc l i des )  aye 
+ 

r o u t i n e l y  obtained from a Ta oven. Molecular ions  o f  B . ~ F +  and SrP have 

been observed a t  10-100 times lower i n t e n ~ i t i e s . ~  When Re i s  used f o r  
+ 

the  hot  surface, I n  f i s s i o n  products a re  observed a t  i n t e r s i t i e s  o f  



:several  thousand ions/sec. Negative ions  o f  ~ r -  and I- f i s s i o n  products have 

' been bb ta ined  by i o n i z a t i o n  from a t h o r i a t e d  W surface. 

. ' Outside the  ,thermal column sh ie ld ing ,  t he  i o n  beams a re  bent 90 deg. by 

,an e l e c t r o s t a t i c  m i r r o r  ' i n t o  a 60 deg. magnetic sectc.r. An e lec t ron  

m u l t i p l i e r  i s  located a t  t h e  f oca l  p o i n t  o f  t he  magnet and i n d i v i d u a l  ions  

.are,.detected by pu lse  count ing  techniques. A 60 deg. e l e c t r o s t a t i c  d e f l e c t o r  

. i s  located j u s t  i n  f r o n t  bf t he  e l e c t r o n  m u l t i p l i e r .  , Th is  device a l lows the 

i o n  beam o f  a s i n g l e  mass t o  be sent through a 2.4 m p ipe t o  a c o l l e c t i o n  

s t a t i o n .  A moving tape c o l l e c t i o n  system i s  p resen t l y  i n s t a l l e d  a t  t h i s  

l o c a t i o n  which permits l ong - l i ved  daughter a c t i v i t i e s  t o  be removed w h i l e  

s tudy ing s h o r t - l i v e d  parent a c t i v i t i e s .  The ta,pe can be l i f t e d  ou t  o f  t h e  

path of t he  i o n  beam t o  permi t  de tec t i on  o f  t he  i o n  beam by .a  chevron 
. . 

channel e l e c t r o n  m u l t i p l i e r .  For. our c u r r e n t  experiments t o  measure 

delayed-neutron energy spectra,  we have i n s t a l  l e d  a v i  b r a t i o n - i s o l a t i o n  

t a b l e  under t he  c o l l e c t i o n  po in t .  The ' ~ e  i o n i z a t i o n  chamber, p ro ton r e c o i l  

de tec tor ,  and Ge(Li) gamma ray  moni tor  can a l l  be mounted on t h i s  t ab le .  

111. Gamma Spectroscopy 

The gaimna ray  spectra from delayed-neutron precursors and t h e i r  

daughters prov ide several  k i nds  o f  usefu l  in format icn .  F i r s t  o f  a l l  one 

obta ins  t he  gamma spectra o f  t h e  precursor and from the  energies and 

i n t e n s i t i e s  o f  t he  gamma peaks one can at tempt t o  cons t ruc t  l e v e l  schemes 

f o r  t he  daughter nuc l ide .  I n  t he  second place, one can use the  r e l a t i v e  

i n t e n s i t i e s  o f  some o f  t he  daughter o r  granddaughter gamma rays  i n  t he  

d i r e c t  l i n e  o f  beta decay compared t o  t he  i n t e n s i t i e s  o f  gamma rays  o f  

daughter nuc l ides  from ' the  delayed neutron branch t o  ob ta in  delayed-neutron 

emission p r o b a b i l i t i e s  (P,). T h i r d l v ,  one can observe those gamma rays  



which - f o l l o w  neutron emission t o  exc i t ed  s ta tes  ' i n  t h e  f i n a l  nucleus i n  t he  

so c a l l e d  Bny process. ' Four th ly ,  one can use t h e  i n t e n s i t i e s  o f  t h e  g a m m ~  

i n  t he  En+ process t o  determine what f r a c t i o n  o f  . the delayed neutrons 

populate exc i t ed  s ta tes .  ' A1 1 these concepts . a r e . i l  l u s t r a t e d  < n F ig .  2.which 

showi a schematic representa t ion  d f  t he  precursor 9 4 ~ b  and i t s  daughter 

nucl ides.  ' 

. , . . 

The gamma spectra o f  Rb and'Cs delayed neutron precursors were measured 

w i t h  a l a rge 'Ge(L i )  de tec to r  (14.2% o f  NaI e f f . ,  2.13 keV' r e s o l u t i o n  f o r  

60~o).mounted d i r e c t l y  u"der t he  depos i t i on  p o i n t  on the  movir-ig tape . 

co l l .ec tor .  Mu1 t i - s p e c t r a l -  sca l i ng  techniques were used ' t o  determine which 

gammas were associated w i t h  a p a r t i c u l a r  nuc l i de  as i l l u s t r a t e d  i n  F ig .  3 

f o r  1 4 3 ~ s .  The tape \vds moved p e r i o d i c a l l y  t o  remove l o n g - l i v e d  background 

a c t i v i t y .  Gamma spectra were s tored i n  a PDP 8 computer operated as 4096 

channel pu lse  he igh t  analyzer.  I n t e n s i t i e s  o f  peaks were determined by . t he  

computer programs GASPAN o r  SKEWGAUS. Since on l y  s i ng les  g a m  r a y  spectra 

were obtained, we have attempted t o  cons t ruc t  decay schemes on l y  f o r  those 

cases where ex tens ive  s tud ies  i n  t he  l i t e r a t u r e  Ere  lack ing:  As an '. 

example, we s h o ~  i n  F ig .  '4 the-  l e v e l s  of. 1 4 5 ~ a  pepulated in->de:ay o f  1 4 5 ~ s  

as determined from our data. Comparison o f  our' energies .and i n t e n s i t i e s  

o f  gamma *rays wi'th l i t e r a t u r e  values gene ra l l y  g ives  good'agreanent. - 

. To' o b t a i n  Pn va lues. f rom the  r e l a t i v e  i n t e n s i t i e s . o f  daugnter gamma. . 

rays,  gamma ray  spect ra  were recorded utider cond i t i ons  such t h a t  t h e  ' 

daughter a c t i v i t i e s ' w e r e  iri e q u i l i b r i u m  w i t h  t h e  parent  a c t i v i t y .  The 

r e l a t i v e  i n t e n s i t i e s  .of p a r t i c u l a r  gamma rays  must be cor rec ted by the  

absolute i t i t e n s i t y  of t h a t  gainma ray  i'n i t s  decay scheme. \ale have used l i t e r a -  

t u r e  values f o r  the.se a b s o i k e  i n t e n s i t i e s  whenever poss ib le .  I n  some cases 

several  gamna rays i n  the  same nuc l i de  cou ld  be used so mu l t i p ' e  determinat ions 



o f  Pn cou ld  be made. I n  Table I 1  are  given the  resu l t . i ng  Pn values for:the Rb 

precursors.  These values a re  compared t o  our d i r e c t  measurements pub1 ished 

4 p rev ious l y  and t o  values determined by Kratz e t  a1 .5 . Table 111.. g ives  . . 

s i m i l a r  values f o r  t h e  Cs precursors.  I n  -general our  r e s u l t s  by t he  ganpa 

method agree w i t h  our r e s u l t s  by t h e . d i r e c t  count ing  method, but  both . 

methods d isagree w i t h  t he  values determined by Kratz.  . 

Gamma-rays from the Bny process have the, same energies. as gammas . , 
seen f o l l o w i n g  beta decay o f  the  precursor,of  one l ess  mass.. The r e l a t i v e  

i n t e n s i t i e s  d i f f e r  s ince the s ta tes  are  populated. by d i f f e r e n t  decay,pro- 

cesses. The h a l f - l i f e  of  a  p a r t i c u l a r  gamma depends on whether i t . i s  a  - 
r e s u l t  of d i r e c t  beta decay o r  whether i t  .is a  resu l t ,  o f  neutron emission 

from the next  h igher  mass. If several  gammas from neut ron,popu la t ion  o f  . .  

exc i t ed  s ta tes  are  observed, they can be arranged i n t o  a  leve1,scheme.. 

I n t e n s i t y  balance ca l cu la t i ons  can be used t o  ob ta in  the r e l a t i v e  popu- 

l a t i o n  of var ious  l e v e l s  by neutron emission from the  precursor.  The Bny 

decay scheme f o r  9 6 ~ b  i s  shln,wn i n  F ig .  5. as an i l l u s t r a t i o n . .  Tab1.e I V .  

summarizes t h e  percentage o f  t he  neut ron emissions going t o  p a r t i c u l a r  s ta tes  

9 6 i n  .the f i n a l  nucleus f o r  t he  case o f  9 5 ~ b  and f o r  . Rb. For many y e a r s , i t  

was thought t h a t  neutron emission would p r e f e r e n t i a l l y  .po.pulate the  .gro,und 

s t a t e  o f  the  f i n a l  nuc l ide .  I t  i s  . there fore  o f  i n t e r e s t  t o  .see wha t . f r ac t i on  

do go t o  e x c i t e d  s ta tes .  Cur da,ta f o r .  Rb are  shown i n  Tab1.e ,V and our  

Cs data are  shown .in Table V I .  Th.e, comparison o f  our data.,with t h a t  o f  , .  , 

Kratz,  e t  a l . ,  shows q u i t e  good agreement. . . , . 



I V .  Neutron Spectroscopy 

We have r e c e n t l y  begun measurements o f  delayed-neutron spect ra  o f  mass 

3  s e ~ a r a t e d  precursors.  A t  B a t t e l l e  we have a  He i o n i z a t i o n  chamber of 

the Shalev type which g ives  a  r e s o l u t i o n  (FWHN) o f  18 keV (2.4%) f o r  t he r -  

mal neutrons. We have a l so  co l l abo ra ted  w i t h  P ro f .  Woodruff o f  t he  Un i -  

v e r s i t y  o f  Washington who has several  p ro ton r e c o i l  neutron spectrometers. 

3  I n  experiments performed t h i s  pas t  summer, t he  He spectrometer was l oca ted  

under the i o n  depos i t i on  p o i n t ,  a  hydrogen f i l l e d  pro ton r e c o i l  spect ro-  

meter was placed above the depos i t i on  po in t ,  and the Ge(L i )  de tec to r  was 

l oca ted  o f f  t o  one s ide  t o  moni tor  the  i on  beam du r i ng  long runs. The 

pro ton r e c o i l  spectrometer has 1  i m i t e d  dynamic range, bu t  has excel  l e n t  re -  

3  s o l u t i o n  a t  low energies.  The He spectrometer was surrounded by a  118 i n .  

t h i c k  Pb s h i e l d  and a  3/8 i n .  t h i c k  B4C sh ie ld .  A  teaporary Cd s h i e l d  

was used before  t h e  B4C s h i e l d  was obtained. The neutron spectrum o f  

9 3 ~ b  obta ined w i t h  and w i thou t  t he  B4C s h i e l d  i s  shown i n  F ig .  6. The the r -  

mal peak i s  reduced by about a  f a c t o r  o f  80 when the  B4C s h i e l d  i s  used. 

The "raw" data shown i n  Fig.6.  must be co r rec ted  by sub t rac t i ng  t he  thermal 

peak and by making an e f f i c i e n c y  c o r r e c t i o n  i n  order  t o  ob ta in  t he  spectrum 

o f  neutrons em i t t ed  by t he  precursor.  

3  The e f f i c i e n c y  curve f o r  ou r  He spectrometer was cbta ined by us ing mno-  

7 7 energet ic  neutrons from t h e  L i  (p,n) Be reac t i on .  Th is  c a l i b r a t i o n  work 

was performed a t  the  Van de Graaf f  acce le ra to r  l oca ted  i n  the Safeguards 

D i v i s i o n  o f  Los Alamos S c i e n t i f i c  Laboracory. The spectrometer i s  operated 

i n  a  two parameter mode w i t h  pulses so r ted  i n  a  4096 channel pulse he igh t  

ana lyzer  according t o  energy and r i se t ime .  A 512 chann2l energy by 8 channel 

r i s e t i m e  a r ray  was used. Th is  method a l lows us t o  s e l e c t  var ious  r i s e t i m e  



ranges t o  opt imize the r e s o l u t i o n  o f  t he  spectrometer. Riset ime ana lys is  

i s  p a r t i c u l a r l y  usefu l  i n  d i s c r i m i n a t i n g  aga ins t  pulses due t o  e l a s t i c  

3  x a t t e r i n g  o f  neutrons on He. Spectra o f  r i s e t i m e  pulses obta ined f o r  

two d i f f e r e n t  neutron energies a re  shown i n  F ig .  7. The sho r tes t  r i s e t i m e  

events are due t o  e l a s t i c  sca t te r i ng ,  a  small peak i s  seen f o r  thermal 

neutron induced pulses, and the longest  r i s e t i m e  events a re  due t o  t he  de- 

3 3  s i r e d  He (n,p) H  reac t i on .  However, a l l  th ree types o f  events over lap 

each o t h e r  i n  r i se t ime .  

The energy spectra o f  0.5 Mev neutrons are  shown i n  F ig .  8. f o r  the  

f i r s t  f o u r  r i s e t i m e  s l i c e s .  A t  t h i s  energy the  pulses due t o  e l a s t i c  

s c a t t e r i n g  f a l l  below t h e  thermal peak and can be ignored. However, t he  

energy spectra f o r  1.5 MeV n e ~ t r o n s  shown i n  F ig .  9. show t h a t  t he  e l a s t i c  

s c a t t e r i n g  pulses i n t e r f e r e  s t rong l y  w i t h  the  low energy f a s t  neutron r e -  

g ion.  For most delayed neutron spectra the  number o f  neutrons above 1.0 MeV 

i s  q u i t e  small so t h a t  t h e  c o r r e c t i o n  f o r  e l a s t i c  s c a t t e r i n g  i s  minimal.  

For the  energy spectra g iven below we have used on l y  the  data i n  the  f i r s t  

t h ree  r i s e t i m e  s l i c e s ,  i .e . ,  r i se t imes  ranging from 0  t o  2.7 usec. The re-  

l a t i v e  e f f i c i e n c y  o f  each r i s e t i m e  s l i c e  was determined a t  each neutron energy 

by i n t e g r a t i n g  t he  area under t he  f a s t  neutron peak and d i v i d i n g  by the  number 

o f  counts i n  a  moni tor  counter which has a  f l a t  response t o  neutrons o f  var ious 

energies.  The r e s u l t i n g  e f f i c i e n c y  curves f o r  two d i f f e r e n t  r i s e t i m e  ranges 

a re  shown i n  F ig .  10. The c6use o f  the  s t r u c t u r e  i n  t he  curve a t  about 0.5 MeV 

i s  uncer ta in ,  bu t  s i m i l a r  s t r u c t u r e  was observed by K r i ck  and ~ v a n s ~  f o r  a  

s i m i l a r  spectrometer. 

I n  F ig .  11-14 are  shown delayed-neutron spectra obta ined a t  t he  SOLAR 

f a c i l i t y  f o r  t h e  precursors 9 3 ~ b ,  9 4 ~ b ,  9 5 ~ b ,  and 143~ j .  These spectra a re  

t h e  r e s u l t  o f  sumning th ree  - iset ime s l i c e s ,  sub t rac t i ng  the  thermal peak, and 

d iv i ,d ing  by the  . r e l a t i v e  e f f i c i e n c y  curve shown i n  F ig .  10. 



3 The pro ton r e c o i l  spectrometer was operated simultaneously w i t h  t he  He 

spectrometer, bu t  was r e s t r i c t e d  t o  t h ?  lower neut rcn  energy ranges. The 

s t a t i s t i c a l  accuracy o f  the  data was no t  3s good as hoped f o r .  I n  F ig .  15. 

and 16. a r e  shown t h e  neutron spectra of  3 3 ~ b  and 9 4 ~ b  a t  low energies.  

3 The spectra from the  pro ton r e c o i l  da ta  are  compared t o  the He spectrometer 

data o f  Kratz,  e t  a l .  It appears t h a t  the  pro ton r e c o i l  de tec to r  i s  showing 

even g rea te r  s t r u c t u r e  i n  t he  delayed-neutron spectrum tha r  can be seen w i t h  

3 t he  He spectrometer. However, there  are  some ser ious  discrepancies as t o  

the  r e l a t i v e  magnitudes o f  var ious  peaks. It i s  c l e a r  t h a t  h igher  count ing 

ra tes  w i t h  h igh  r e s o l u t i o n  spectrometers w i l l  be extremely va luab le  f o r  

understanding delayed-neutron spectra.  
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Figure 1. Floor plan of SOLAR f a c i l i t y .  

Figure 2 .  Schematic representation of 94F.b and i t s  
daughters showing gamma transit ions useful  for  de- 
termining the Pn value. 



ENERGY 

Figure 3. Upper curve - g a m  spectrum of 1 4 3 ~ s .  
Lower curve - background s p e c t r m  take2 about tvo 
h a l f - l i v e s  l a t e r .  Lines above certain peaks indi-  
c a t e  where short- l ived peaks are disappearing. 



Figure 4 .  Decay scheme of 1 4 5 ~ s  based on s ing les  
gamma ray data only. 

. Figure 5 .  Neutron emission to  excited s t a t e s  of 

. . 9 5 ~ r  from decay of the precursor 9 6 ~ b .  



Figure 6. Delayed-neutron spectrum of 9 3 ~ b  with 
and without the BqC shield. 

RISE TIME 

Figure 7. ~isetime spectra taken at neutron 
energies of 0.2 and 1.25 MeV. 



PULSE HEIGHT PULSE HElGHl 

Figure 8 .  Pulse height spectra of 0 .5  MeV neutrons Figure 9 .  Pulse height spectra of 1 .5  MeV neutrons 
for four riset ime s l i c e s ;  0-0.6, 0 .6-1.6,  1 .6-2.7,  for the same riset ime s l i c e s  as  i n  Figure 8 .  
and 2.7-3.7 usec. 



NEUTRON ENERGY ( h l e V )  

Figure 10. Relative efficiency curve of 3 ~ e  neLtron 
spectrometer for full energy peak. Upper curve - 
risetime range 0-4.7 vsec, lower curve - risetiore 
range 0-2.7 psec. 

Figure 11. Delayed neutroc spectrum for 9 3 ~ b ,  
5.56 keV/ch. 



CHANNEL NO. 

Figure 12. Delayed neutron spectrum for 94Rb, 
5.56 keV/ch. 
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Figure 13. Delayed neutron spectrum for g5Rb, 
5.56 keV/ch. 
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Figure 14. Delayed neutron spectrum for  1 4 3 ~ s ,  Figure 15. Low energy neutron spectra of 9 3 ~ b ,  
5 . 5 6  keV/ch. s o l i d  curve - from proton r e c o i l  detector,  dashed 

curve - from Kratz. ~t aJ.. 



Figure 16. Low energy neutron spectra of 9 4 ~ b ,  
s o l i d  curve - from proton r e c o i l  detector,  dashed 
curve - from Kratz, e t  a l .  
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C. W .  Reich  
Idaho N a t i o n a l  Eng ineer ing  ~ a b o r a t o r y  

EG&G Idaho,  I n c .  
Idaho F a l l s ,  Idaho 

The r e l e v a n c e  o f  f i s s 5 o n - p r o d u c t  decay d a t a  t o  a number o f  c u r r e n t l y  
i m p o r t a n t  a c t i v i t i e s  i s  d iscussed .  S p e c i f i c  r e a c t o r - r e l a t e d  a reas  
t r e a t e d  i n c l u d e  f i  s s i o n - p r o d u c t  decay hea t ,  m o n i t o r i n g  o f  n u c l e a r  power 
p l a n t s ,  f a s t - r e a c t o r  d o s i m e t r y  and t h e  measurement o f  f i s s i o n - p r o d u c t  
c r o s s  s e c t i o n s  u s i n g  a c t i v a t i o n  techniques.. The o r y a n i z a t i o n  and c o n t e n t  
o f  t h e  decay d a t a  i n c l u d e d  i n  t h e  E v a l u a t e d  Nuc lear  Data F i l e  (ENDF/B), 
an i m p o r t a n t  u s e r - o r i e n t e d  d a t a  e v a l u a t i o n ,  i s  g iven.  A d i s c u s s i o n  o f  
$ - s t r e n g t h  f u n c t i o n  measurments  on s h o r t - l i v e d  f i s s i o n  p r o d u c t s  i s  
p resen ted  and a  p o s s i b l e  a p p l i c a t i o n  o f  d a t a  f rom these  s t u d i e s  t o  t h e  
decay-heat  problem i s  p o i n t e d  ou t .  

I. INTRODUCTION 

A t  t h e  p r e s e n t  t i m e ,  t h e    no st a c t i v e  and e x c i t i n g  phase o f  n u c l e a r  

spec t roscopy  i s  t h e  s tudy  o f  n u c l i d e s  f a r  o f f  t h e  l i n e  o f  b e t a  s t a b i l i t y .  

Evidence o f  t h e  v i t a l i t y  2nd p r o d u c t i v i t y  o f  t h i s  a rea  o f  r e s e a r c h  i s  

p r o v i d e d  by, among o t h e r  t h i n g s ,  t h e  i n f o r m a t i o n  p resen ted  a t  a  number 

o f  i n t e r n a t i o n a l  d e d i c a t e d  s o l e l y  t o  t h i s  s u b j e c t .  

Indesd,  much o f  t h e  c o n t e n t  o f  t h i s  workshop d e a l s  w i t h  t h e  i n f o r m a t i o n  

wh ich  can be and has been g a i n e d  th rough  s tudy  o f  a  s e l e c t e d  subgroup 

o f  sucli n u c l e i ,  namely, b e t a - u n s t a b l e  n u c l i d e s  r e s u l t i n g  f rom f i s s i o n .  

Because o f  t h e  manner o f  t h e i r  p r o d u c t i o n ,  however, f i s s i o n - p r o d u c t  

n u c l i d e s  have a lways occup ied  a  somewhat s p e c i a l  p o s i t i o n  among t h e  

t ~ o r k  performed under th? ausp ices  o f  t h e  U. S. Department o f  Energy. 



rad ioac t i ve  nuclides'. For -40 years now, i . t  has been recognized t h a t  

the  vas t  amount o f  energy releasea through neutron-inducec f i s s i o n  has 

the p o t e n t i a l  f o r  supply ing a  s i g n i f i c a n t  p o r t i o n  o f  s o c i e t y ' s  f u t u r e  

energy needs. Because o f  t he  present scope and importance o f  t h i s  one 

a c t i v i t y  a1 one, the  p r a c t i c a l  impact o f  f i s s i on -p rodgc t  data i s  great.  

Research programs i n v o l v i n g  the study o f  f i s s i on -p roduc t  a c t i v i t i e s  tt-us 

have the p o t e n t i a l  f o r  genera t ing  data o f  i n t e r e s t  no t  on11 t o  bas ic  

nuclear 'physics b u t  a l so  t o  the  s o l u t i o n  o f  a wide range o f  impor tant  

p r a c t i c a l  problems r e l a t e d  t o  f i s s i o n  re,actor systems. It should be 

emphasized t h a t  a  ineasurement program t o  prov ide such data represents  

a  valuable a c t i v i t y ,  even i f  no s p e c i f i c  appl i c a t i o n  were r e a d i l y  

i d e n t i f i a b l e  a t  the t ime. It o f t e n  occurs t h a t  impor tant  r,eeds are  

recognized on ly  r a t h e r  suddenly, as i n  the case o f  the  decay-heat problem; 

and an appropr ia te  and t ime ly  response t o  such s i t u a t i o n s  requ i res  t he  

p r i o r  ex is tence o f  an evaluated base o f  r e levan t  data. 

I n  t h i s  paper, we d iscuss c e r t a i n  app l i cz t i ons  o f  f i s s i on -p roduc t  

decay data  t h a t  a re  o f  c u r r e n t  i n t e r e s t .  I n  Sect. 11, s p e c i f i c  app l i ca t i ons  

are  presented. I n  Sect. 111 we discuss the s t r u c t u r e  afid content  o f  a  

f i l e  o f  evaluated decay-scheme data which was se t  up several years ago 

t o  prov ide a  base o f  such data f o r  use i n  t he  r e a c t o r  research and 

development program. We conclude i n  Sect. I V  w i t h  a  d iscuss ion o f  r e c e i t  

measurements o f  6 -s t rength  f unc t i ons  f o r  a  number o f  s h o r t - l i v e d  f i s s i o n  

products and show how i t  may be poss ib le  t n a t  data from these s tud ies  

can be app l i ed  t o  the  c u r r e n t l y  impor tant  problem o f  the  f i s s ion -p roduc t  

decay-heat source term i n  opera t ing  nuclear reactors .  



11. EXAMPLES OF APPLICATIONS OF FISSION-PR0DUC.T DECAY DATA 

I n  Tab le  I, we summarize severa l  general  c a t e g o r i e s  o f  decay d a t a  

and some areas  f o r  wh ich  t h e y  have a p p l i c a t i o n .  As i l l u s t r a t e d  below, 

many a p p l i c a t i o n s  o f  decay d a t a  i n v o l v e  knowledge o f  t h e  a b s o l u t e  emiss ion  

r a t e  o f  t h e  v a r i o u s  r a d i a t i o n s ,  p a r t i c u l a r l y  gamma r a d i a t i o n .  Consequent ly ,  

ha1 f - 1  i f e  and a b s o l u t e  gamma-ray i n t e n s i t y  ( b ranch i 'ng - ra t io ) '  da ta  assume 

a  p o s i t i o n  o f  s p e c i a l  impor tance  i n  these  areas.  However, knowledge o f  

these  l a t t e r  q u a n t i t i e s  ( p a r t i c u l a r l y  w i t h  t h e  h i g h  p r e c i s i o n  r e q u i r e d  

f o r  many a p p l i c a t i o n s )  i s  n o t  g e n e r a l l y  o f  t o o  g r e a t  en impor tance  f o r  
- .  

b a s i c  n u c l e a r  p h y s i c s ,  and t o  meas"re them r e q u i r e s  r a t h e r  s p e c i a l i z e d  

techn iques .  ~ o n i e q u e n t l ~ ,  we o f t e n  encoun te r  s i t u a t i o n s  i n  which a  

p a r t i c u l a r  decay scheme i s  r a t h e r  w e l l  s t u d i e d  b u t ,  because o f  t h e  l a c k  o f  

a  p r e c i s e  knowledge o f  t h e  a b s o l u t e  gamma-ray i n t e n s i t i e s ,  t h e  i n f o r m a t i o n  

i s  o f  l i t t l e ,  i f  any, use f o r  a  s p e c i f i c  p r a c t i c a l  a p p l i c a t i ' o n .  

11.1. The F i s s i o n - P r o d u c t  Decay-Heat Source Term 

The problem o f  t h e  f i s s i o n - p r o d u c t  decay-heat  source t e r m  p r o v i d e s  

an e x c e l l e n t  example o f  t h e  a p p l i c a t i o n  o f  f i s s i o n - p r o d u c t  decay d a t a  t o  

t h e  s o l u t i o n  o f  an i m p o r t a n t  problem. Several  y e a r s  ago, q u e s t i o n s  

r e g a r d i n g  t h e  adequacy o f  Emergency Core C o o l i n g  Systems (ECCS) i n  

h y p o t h e t i c a l  Loss -o f -Coo lan t  A c c i d e n t s  (LOCA) focusea a t t e n t i o n  on  t h e  

problem o f  t h e  decay h e a t  ~ r o d u c e d  by t h e  f i s s i o n - p r o d u c t  i n v e n t o r y  i n  

power r e a c t o r s .  A  decay-heat  c u r v e  f o r  " i n f i n i t e "  i r r a d i a t i o n  o f  uranium 

had been recommended by K.  shure4 i n  1961 and formed t h e  b a s i s  o f  a  proposed 

ANS Standard. A1 though t h i s  s tandard  had n o t  been f o r m a l l y  adopted, i t  

none the less  formed t h e  b a s i s  o f  AECINRC r e g u l a t o r y  a c t i o n s .  S ince  i t  was 



est imated t h a t  t h i s  curve cou ld  be low by -20% o r  h igh  by -40% f o r  coo l i ng  

t imes up t o  -100U sec, the  regu la to ry  c r i t e r i a  requ i red tha t ,  i n  t he  

eva luat ion  o f  ECCS performance i n  a  hypothet ica l  LOC4 s i t u a t i o n ,  i t  be 

assumed t h a t  the  heat  product ion  r a t e  by t he  decay o f  f i s s i o n  products 

was 20% g rea te r  than t h a t  p red i c ted  us ing t h i s  curve. Alt l iough t h i s  

procedure was thought t o  be q u i t e  conservat ive,  i t  was non2theless impor tant  

t o  b e t t e r  q u a n t i f y  t he  decay-heat source t e n  and i t s  unce r ta in t y ,  

p a r t i c u l a r l y  a t  sho r t  decay times. 

A number o f  measurement programs, us ing a  v a r i e t y  o f  experimental 

techniques, were funded both  by NRC and by EPRI t o  prov ide experimental 

data on the decay-heat func t ion .  These experiments were designed t o  

prov ide "benchmark" data, measured f o r  a  few se lec ted and c a r e f u l l y  

spec i f i ed  i r r a d i a t i o n  cond i t ions .  They would thus prov ide impor tant  

i n fo rma t i on  on the  decay-heat f u n c t i o n  f o r  these cond i t i ons ;  and more 

impor tan t l y  they would prov ide a  s t r i n g e n i  t e s t  o f  t he  a n a l y t i c a l  models 

and under ly ing  nuc lear  data base used t o  c a l c u l a t e  decay heat. With these 

models and the data base thus subjected t o  ca re fu l  t e s t i n g  and eva luat ion ,  

they cou ld  be appl i e d  w i t h  increased confidence t o  the  q u i t e  wide 

range o f  d i f f e r e n t  i r r a d i a t i o n  cond i t i ons  e x i s t i n g  i n  opera t ing  f i s s i o n  

reactors.  

I n  add i t i on ,  a  Decay-Heat Task Force was s e t  up under she auspices o f  

t he  Cross-Sections Eva luat ion  Working Group (CSEWG) t o  prov fde a  r e l i a b l e  

c a l c u l a t i o n a l  base f o r  decay heat. The Task Force produced a  comprehensive 

1  i b r a r y  o f  f i ss ion->soduct  nuc lear  data ( issued i n  1974 as the  F i ss ion -  

Product F i l e  f o r  Version-IV o f  t he  Evaluated Nuclear Data F i l e ,  ENDFIB) 



t o  serve as the  data base f o r  "summation" ca l cu la t i ons  o f  decay heat. 

E s s e n t i a l l y  a l l  present decay heat  c a l c u l a t i o n s  use the summation method, 

which i nvo l ves  p r e d i c t i n g  the  f i ss ion-product  inventory  i n  an opera t ing  

r e a c t o r  system and then ob ta in ing  the decay heat  by summing the con t r i bu t i ons  

o f  the i n d i v i d u a l  nuc l ides .  The nuc lear  data requ i red f o r  t h i s  i nc lude  

d i r e c t  f i s s i o n  y i e l d s ,  capture  cross sec t ion ,  h a l f - l i v e s ,  decay modes and 

the average 13- and y-ray energies per decay. 

' Some o f  the. " s t a t i s t i c s "  o f  the  Version-IV Fission-Product F i l e  are  

as fo l lows.  There are  824 f i ss ion -p roduc t  nuc l ides  ( i n c l u d i n g  isomeric 

s ta tes )  included, 113 o f  which a re  stable.  De ta i l ed  decay data (as 

d i icussed i n  Sect. 111 below) a re  given f o r  180 rad ioac t i ve  nuc l ides  o f  

pr imary importance f o r  decay heat. For the  remaining nuc l ides ,  much 

l e s s  d e t a i l e d  data se ts  ( h a l f - l i f e ,  average 13- and y-energy values) are  

given; f o r    no st ( -380) o f  them, no d e t a i l e d  decay data e x i s t .  The average- 

energy values appearing i n  these l e s s - d e t a i l  ed se ts  were ca l cu la ted  us ing 

t h e o r e t i c a l  cons idera t ions .  I n  a l l ,  the  f i l e .  conta ins  over 300,000 

data en t r i es .  

Since i t s  issue, the  f i l e  has provided a  common data base f o r  the  var ious  

sumnation codes. One o f  t he  e a r l y  b e n e f i t s  o f  having t h i s  common data 

base was the  demonstratio? t h a t  the  t h ree  such codes - R I B D , ~  ORIGEN~ and 

CINDER' - p r i m a r i l y  used i n  the  U. S. a t  t h a t  t ime gave e s s e n t i a l l y  t he  

same p red i c t i ons  o f  decay heat,  even though they u t i l i z e d  d i f f e r e n t  

mathematical procedures. 

Considerable e f f o r t ,  bo th  ca l  cu l  a t i ona l  and experimental has been 

expended on the decay-heat problem f o r  the  pas t  3  t o  4  years w i t h i n  t he  U. S. 



A summary.pf t h e  c u r r e n t  s t a t u s  o f  t h i s  a c t i v i t y ,  i n c l u d i n g  work c a r r i e d  

8 o u t  by o t h e r  n a t i o n s ,  i s  g i v e n  i n  a  r e v i e w  paper p r e s e n t e d  a t  t h e  r e c e n t  

P e t t e n  con fe rence  on f i s s i o n - p r o d u c t  n u c l e a r  data.  F i g u r e  1, t a k e n . f r o i n  

Ref. '8, ' g i v e s  a  compar ison between c a l c u l a t i o n  arid. exper iment  f o r  " i n f i  i i , t e "  

i r r a d i a t i d n  on 2 3 5 ~ .  The 'nominal  ' c u r v e  has oeen d e r i v e d 8  f rom t h e  

d i f f e r e n t 3  r e c e n t  exper imenta l  s t u d i e s .  The agreement 'between c a l c u l a t i o n  

and exper iment  f o r  t h i s  " i n f i n i t e "  i r r a d i a t i o n  cand i  t i o n  i s  be1 i e v e d  8 

t o  be w i t h i n  -2% ( l o  l e v e l )  o v e r  t h i s  t i m e  i n t e r v a l .  F o r  t h e  s o - c a l l e d  

" b u r s t "  i r r a d i a t i o n  c o n d i t i o n ,  however, (where t h e  s h o r t - l i e d  f i s s i o n  

p r o d u c t s  a r e  r e l a t i v e l y  more i m p o r t a n t )  t h e  agreement i s  n o t  as .good 

(e.g., -8% a t  20 sec) .  

It seems reasonab le  t o  conc lude  a t  t h e  p r e s e n t  t i m e  t h a t  t h e  summation 

method i s  q u i t e  u s e f u l  i n  c a l c u l a t i n g  decay hea t ,  even f o r  t h e  s h o r t  

(<1!00 sec)  c o o l i n g  t i m e s  i m p o r t a n t  f o r  t h e  assessment o f  .l oss o f  c o o l a n t  

s i t u a t i o n s .  Cons iderab le  e f f o r t  c o n t i n u e s  t o  be a p p l i e d  t o  t h e  decay h e e t  

problem. P a r t i c u l a r  a t t e n t i o n .  i s  b e i n g  focused  on t h e  i m p o r t 3 n t  p rob lem 

o f  e s t i m a t i n g  t h e  u n c e r t a i n t i e s  i n  t h e  c a l c u l a t e d  v a l u e s  o f  t h e  decay heat .  

A t  p resen t ;  these  i n v e s t i g a t i o n s  a r e  e s s e n t i a l  4y . s e m i  t i v i  t y  analyses,  

wh ich  c o n s i d e r  t h e  i n f l u e n c e  o f  u n c e r t a i n t i e s . i n  t h e  b a s i c  n u c l e a r  d a t a  

o n  t h e  c a l c u l a t e d  values.  They i n d i c a t e  t h a t  t h e  c a l c u l a t i o n s  a r e  

r e l a t i v e l y  i n s e n s i t i v e  t o  e r r o r s  i n  t h e  ha1 f - l i v e s  and . f i s s i o n  y i e l d s  b u t  

a r e  much more s e n s i t i v e  t o  u n c e r t a i n t i e s  i n  t h e  a v e r a g e - ~ n e r g y  va lues .  

P, measurement program t o  i s o l a t e  s p e c i f i c  s h o r t - 1  i v e d  f i s s i o n  ? r o d u c t s  : 

i m p o r t a n t  f o r  decay h e a t  and produce these  data;either t h r o u g h  d e t a i l e d  

decay-scheme s t u d i e s  o r  o t h e r  means such'as,  e.g., t h a t  d e s c r i b e d  i n  Sect. . I V  



below, wou ld  have an i m p o r t a n t  impac t  here; The BNL-TR.ISTAN f a c i l i t y  wou ld  be 

i d e a l l y  s u i t e d  f o r  such a  prcgram. . . 

It needs t o  be emphasized t h a t ,  i n  a p p l i c a t i o n s  such as .decay hea t ,  . 

t h e  n u c l e a r  d a t a  have r a t h e r  c o n s i d e r a b l e  economic i m p l i c a t i o n s . .  I n s p e c t i o n  

o f  F i g .  1  r e v e a l s  t h a t  t h e  "ANS + 20%" curve ,  t h e  p r e s e n t  b a s l s  f o r  r e g u l a t o r y  

m a t t e r s ,  i s  ex t reme ly  c o n s e r v a t i v e .  T h i s  i s  r e f l e c t e d  i n  b o t h  t h e  d e s i g n  and 

t h e  o p e r a t i n g  parameters i n  i u c l e a r  r e a c t o r s .  It has been e s t i m a t e d , t h a t  f o r  

every  1% r e d u c t i o n  i n  decay nea t ,  a  sav ings  o f  :$500,000 can be e f f e c t e d  i n  

t h e  c a p i t a l  c o s t  o f  t h e  equipment  needed t o  e l i m i n a t e  t h a t  extr.a d e c a y  heat .  

And as regards  t h e  economic impac t  o f  t h i s ,  and o f  n u c l e a r  d a t a . i n  genera l ,  

9 i n  t h e  n u c l e a r  power i n d u s t r y ,  t h e  f o l l o w i n g  i s  a p p r o p r i a t e  .: : 

" V a l i d a t e d  a n a l y s i s  c a p a b i l i t y  has been and 
i s  b e i n g  developed .wi.th. t h e  r e c o g n i t i o n  . - . 
t h a t  user -  and p rob lem-or ien ted  v a l i d a t e d  
computa:ion packages have a  s i g n i f i c a n t  , .. 
p o t e n t i a l  p a y o f f  t o  t h e  consumer. The 
l i f t i n g  o f  an o p e r a t i n g  r e s t r i c t i o n  t h a t  . 
p e r m i t s  i n c r e a s i n g  a  p l a n t ' s  power o u t p u t  

, l e v e l  f-om a  d e r a t e d  c o n d i t i o n  by 1% 
r e s u l t s  i n  a  s a v i n g  o f  severa l  hundred 
thousand d o l l a r s  p e r  p l a n t  year .  . S i m i l a r l y ,  
t h e  c o n f i d e n t  p r e d i c t i o n  o f  t h e  course  o f  
a .  1  ow-probabj 1  i t y  event .can r e s u l t  i n  . 
s a v i n g s  o f  t e n s  o f  m i l l i o n s  o f  d o l l a r s  
f o r  a  c o n f i r ~ n a t o r y  . t e s t  program f o r  each 
even t ,  and t h e r e  c o u l d  be a o r e  than  a  
few o f  those.  F i n a l l y ,  i f  such open- 
ended i s s u e s  cause p l a n t  shutdown f o r  
o n l y  a. few days, a d d i t i o n a l  c o s t s  o f  
hundreds o f  thousands o f  d o l l a r s  p e r  
p l a n t  day wou ld  be incurred.! '  . , .. 

. . 
11.2. R a d i o a c t i v i t y  M o n i t o r i n g  o f  Nuc lear  Power P l a n t s  

The o p e r a t i o n  o f  n u c l e a r  power p l a n t s  i n v o l v e s  s i g n i f i c a n t  i n v e n t o r i e s  

o f  r a d i o a c t i v e  m a t e r i a l s ,  and t h e  e f f e c t i v e  m o n i t o r i n g  o f  o p e r a t i o n a l  

and e f f l u e n t  s t reams i s  an i m p o r t a n t  component o f  t h e  s a f e  o p e r a t i o n  o f  



such f a c i l  i t i e s .  Federal r egu la t i ons  requ i re  t h a t  the  re '  eases o f  

r a d i o a c t i v i t y  t o  the environment from a nuc lear  p l a n t  be "as low as i s  

reasonably achievable." I n  order  t o  show t h a t  t h i s  requirement w i l l  oe 

s a t i s f i e d ,  an app l i can t  f o r  a  l i cense  must submit p l a n t  design i n fo rma t i on  

i n  the Safety Ana lys is  Report  f o r  the  proposed f a c i l i t y .  Th is  i n fo rma t i on  

i s  used by t he  NRC t o  c a l c u l a t e  the  releases o f  r ad ioac t i ve  ma te r i a l  i n  

bo th  gaseous and l i q u i d  e f f l u e n t s  from the reactor .  These c a l c u l a t i o n s  

a re  c a r r i e d  ou t  us ing l a r g e  computer programs. To prov ide a  data base 

f o r  these programs, an i n - p l a n t  measurement a c t i v i t y  hzs bzen es tab l i shed  

a t  INEL. Th is  e f f o r t  i d e n t i f i e s  and prov ides q u a n t i t a t i v e  i n fo rma t i on  on 

the sources o f  r a d i o a c t i v i t y  i n ,  and pathways f o r  re lease from, the  r e a c t o r  

system. Spec i f i c  object ives1'  a re  t o  prov ide the fo l l ow ing :  

(1 )  source-term in fo rma t i on  t o  permi t  the  parameters 

o f  the  c a l c u l a t i o n a l  models t o  be upgraded; 

( 2 )  data concerning the i nven to ry  ( i .e. ,  l oca t i ons ,  

concent ra t ions ,  e tc .  ) o f  t he  rad ioac t i ve  iso topes 

present i n  the  opera t ing  reac to r  systems; and 

( 3 )  operat iona l  data on the performance o f  r ad ioac t i ve -  

waste equipment f o r  use i n  eva luat ions  o f  r ad ioac t i ve -  

waste t reatment systems. 

To acqu i re  the data  necessary t o  achieve these ob jec t ives ,  ex tens ive  

sampling i s  done i n  a l l  p a r t s  o f  t he  reac to r  system. Ana lys is  o f  these 

samples us ing Ge(Li)-based gamma-ray spectroscopy i s  performed t o  determine 

n o t  on l y  which rad ionuc l i des  are  present  b u t  a lso  t h e i r  abscllute concen- 

t r a t i o n s .  The gamma-ray spect ra  obtained a re  gene ra l l y  q u i t e  complex. 



An example i s  g iven i n  F ig .  2, which shows the  gamma-ray spectrum o f  a  

sample o f  water i n - t h e  pr imary coo lan t  of a  B o i l i n g  Water Reactor. Such 

samples are  counted a  number o f  t imes over a  s u i t a b l e  t ime i n t e r v a l  so 

t h a t  h a l f - l i f e  data can supplement the  gamma-ray energy and r e l a t i v e -  

i n t e n s i t y  i n fo rma t i on  t o  a i d  i n  the  i s o t o p i c  i d e n t i f i c a t i o n .  To determine 

the absolute concen t ra t i ons 'o f  rad ionuc l ides ,  absolute gamma-ray i n t e n s i t y  

data are required. To ca r r y  ou t  the q u a n t i t a t i v e  analyses o f  these samples 

t o  prov ide the des i red i n p u t  "source-term" data; ex tens ive  computer-based 

decay-data 1  i b r a r i e s  are  required. 

I n  a  separate, b u t  re la ted ,  mat ter ,  a  request was received from the  

O f f i c e  o f  Nuclear Regulatory Research o f  the  NRC t o  prepare a  spec ia l i zed  

s e t  o f  evaluated decay data  f o r  rad ionuc l ides  t h a t  a re  impor tant  i n  the  

moni tor ing  o f  nuc lear  power reactors .  The purpose o f  t h i s  was t o  prov ide 

a  common bas i s  f o r  r e p o r t i n g  the  r e s u l t s  o f  e f f l uen t -mon i to r i ng  programs 

a t  opera t ing  power p lan ts .  The data t o  be inc luded i n  t h i s  data l i b r a r y  

cons is ted o f  ha1 f - 1  i f e ,  gamma-ray energies and absolute i n t e n s i t i e s  and 

average beta- and gamma-ray energies per d i  s i n teg ra t i on .  From these data, 

t ab les  o f  recommended gamma-ray l i n e s  are  provided f o r  use i n  computer 

programs designed f o r  i s o t o p i c  assay o f  complex gamma-ray spectra. These 

data w i l l  serve t o  improve the accuracy i n  r a d i o a c t i v i  ty-assay techniques 

used i n  the nuc lear  i ndus t r y .  A  l i s t i n g  o f  nuc l ides  inc luded i s  given i n  

Table 11. These data  a re  scheduled f o r  p d b l i c a t i o n  i n  the  near f u tu re .  

11.3. Fast-Reactor Dosimetry: The ILRR Program 

The importance o f  fas t -neut ron dosimetry f o r  f as t - reac to r  f u e l s  and 

ma te r i a l s  has been summarized i n  Ref. 11. The development o f  economical ly 



f e a s i b l e  f a s t - r e a c r o r  m a t e r i a l s  and components r e q u i  r e s  improvements i n  

f u e l ,  duc t ,  c l a d d i n g ,  s t r u c t u r a l  and c o n t r o l  n a t e r i a l s  which w i l l  enab le  

them t o  w i t h s t a n d  n e u t r o n  exposures o f  up t o  -2.5 X l a z 3  n/cm2 (En > 0.1 MeV) 

U n c e r t a i n t i e s  i n  such parameters as s w e l l i n g , . i r r a d i a t i o n  creep,  s t r e n ~ t h  

and d u c t i l i t y  and c o r r o s i o n  r e s i s t a n c e  each c o n t r i b u t e  t o  conserva t i smc 

i n  d e s i g n  r e l a t i n g  t o  c l a d d i n g  i n t e g r i t y ,  f u e l  p i n  i n t e r a c t i o n s ,  c o o l a n t  

channel r e s t r i c t i o n ,  d u c t  bowing and d i l u t i o n ,  response t o  sower t r a n s i e n t s  

and r a d i o n u c l i d e  t r a n s p o r t  t h r o u g h  t h e  c o o l a n t  systems. These d e s i g n  

conserva t i sms have a d i r e c t  impac t  on f a s t  r e a c t o r  per fc rma+ ice  and economics. 

Consequent ly ,  dos imet ry  and damage a n a l y s i s  have and w i l l  c o n t i n u e  t o  

p l a y  a  v i t a l  r o l e  i n  r e d u c i n g  f u e l s  and m a t e r i a l s  per formance u n c e r t a i n t i e s  

i n  f a s t - r e a c t o r  development programs. Accurac ies  i n  t h e  range o f  1  t o  3% 

( l o  l e v e l )  a r e  r e q u e s t e d  f o r  t h e  d e t e r m i n a t i o n  o f  f i s s i o n  r a t e s ,  burnups 

and n e u t r o n  f l u x e s  and f l u e n c e s  f o r  f a s t  r e a c t o r s .  

To deve lop  and demonstrate t h e  c a p a b i l i t y  o f  a c c u r a t e l y  measur ing 

neu t ron- induced  r e a c t i o n  r a t e s  i n  a  v a r i e t y  o f  we1 1 - e s t a b l i  shed and 

permanent n e u t r o n  f i e l d s ,  t h e  I n t e r l a b o r a t 3 r y  LMFBR R e a c t i o n  Rate ( ILRR) 

program, i n v o l v i n g  groups a t  8 l a b o r a t o r i e s ,  was s e t  up i n  1971. The 

r e a c t i o n  r a t e s  o b t a i n e d  wou ld  p r o v i d e  c a l i b r a t i o n s  f o r  t h e  subsequent 

d e t e r m i n a t i o n  o f  f i s s i o n  r a t e s ,  burnup,  and f l  u x - f l  uence s p e c t r a  i n  h i g h -  

f l u x  t e s t  r e a c t o r s ,  b a s i c  i n f o r m a t i o n  a p p l i c a b l e  t o  f a s t - r e a c t o r  f u e l s  and 

m a t e r i a l s  development programs. The i n i t i a l  goa l  o f  t h e  ILRR program was 

an accuracy o f  5 2 - l i 2 X  o r  b e t t e r  ( l o  l e v e l )  f o r  t h e  r e a c t i o n - r a t e  

measurements o f  t h e  p r i n c i p a l  f i s s i o n  p r o d u c t s  o f  2 3 5 ~ ,  238U and 239Pu. F o r  

t h e  f i s s i o n  p r o d u c t s  o f  237Np and s e l e c t e d  n o n - f i  s s i o n  r e a c t i o n s ,  an 



accuracy o f  2 5% o r  b e t t e r  was des i red .  An e x c e l l e n t  overv iew o f  t h e  

program and i t s  s t a t u s  i s  g i v e n  i n  Ref .  12. Relevan: t o  t h e  p r e s e n t  

d i s c u s s i o n  i s  t h e  f a c t  t h a t  an e s s e n t i a l  i n g r e d i e n t  o f  t h e  r e a c t i o n - r a t e  

d e t e r m i n a t i o n s  was t h e  measurement o f  a b s o l u t e  d i  s i n t e g r a t i o n  r a t e s  o f  

t h e  v a r i o u s  r a d i o a c t i v e  r e a c t i o n  p r o d u c t s  i n  ,the i r r a d i a t e d  f o i l s  u s i n g  

Ge(Ci ) -based gamma-ray spec t roscopy .  I n  a d d i t i o n  t o  t h e  development o f  

exper imenta l  techn iques ,  t i i s  r e q u i r e d  a  base o f  c a r e f u l l y  e v a l u a t e d  

aecay d a t a  (ha1 f - 1  i v e s  and absol  u t e - i n t e n s i  t y  v a l u e s  f o r  t h e  p rominen t  

gamma r a y s )  f o r  t h e  r a d i o a c t i v e  i s o t o p e s  used. The r e s u l t s  o f  t h e  f i r s t  

e v a l u a t i o n  o f  these  d a t a  were g i v e n  i n  Ref. 13. A t  t h a t  t ime ,  t h e  e r r o r s  

i n  t h e  a b s o l u t e  i n t e n s i t i e s  o f  t h e  p rominen t  gamma r a y s  f rom l o 3 ~ u ,  

132Te and 144Ce-144Pr were n o t  w e l l  enough known t o  meet t h e  ILRR goal  o f  

2-112% f o r  f i s s i o n  r e a c t i c n  r a t e s .  Subsequent ly  a d d i t i o n a l  d a t a  have 

appeared; and a  r e c e n t  r e - e v a l u a t i o n  o f  t h i s  s i t u a t i o n  has i n d i c a t e d  14 

t h a t ,  o f  these  t h r e e ,  o n l y  132Te i s  p r e s e n t l y  n o t  w e l l  enough c h a r a c t e r i z e d  

t o  meet t h e  ILRR goa ls .  A  summary o f  t h e  r e c e n t l y  re -eva l  uated14 decay 

d a t a  r e l e v a n t  t o  t h e  ILRR program i s  g i v e n  i n  Tab le  111. 

11.4. F i s s i o n - P r o d u c t  Cap tu re  Cross Sec t ions  

The b u i l d - u p  o f  f i s s i o n  p r o d u c t s  d u r i n g  t h e  o p e r a t i o n  o f  a  n u c l e a r  

r e a c t o r  has a  number o f  i m p o r t a n t  consequences. From t h e  p o i n t  o f  v iew 

o f  c o r e  per formance,  t h e  most  i m p o r t a n t  aspec t  o f  t h i s  i s  t h a t  t h e  f i s s i o n  

p r o d u c t s  absorb neu t rons  and t h u s  r e p r e s e n t  an a b s o l u t e  l o s s  o f  e f f i c i e n c y  

i n  t h e  n e u t r o n  c y c l e .  The presence o f  f i s s i o n  p r o d u c t s  i n  r e a c t o r  f u e l  

reduces t h e  r e a c t i v i t y  c y c l e  l e n g t h  f o r  f u e l  o f  a  c i v e n  enr i chment  o r ,  

a l t e r n a t i v e l y ,  r e q u i r e s  an i n c r e a s e  i n  enr i chment  i n  o r d e r  t o  m a i n t a i n  



a given cyc le  length .  The economic imp l i ca t i cns ,  as wet1 as o the r  facets ,  

o f  t h i s  problem are  t r ea ted  i n  a  number o f  reviews (see, e.g., Ref. 15): 

Various techniques have been developed f o r  measuring f i ss ion -p roduc t  

capture  c ross .sec t ions .  An impor tant  one, v a l i d  when the capture  product i s  

rad ioac t i ve ,  i nvo l ves  detenn inat ion  o f  t h e  number o f  capture-product 

nuc l ides  formed dur ing  i r r a d i a t i o n  o f  t he  f i s s ion -p roduc t  nuc l i de  under 

"known" cond i t ions .  Th is  i nvo l ves  an absolute determinat ion  o f  the  

induced a c t i v i t y  and a  knowledge o f  the  h a l f - l i f e  and (when gamma-ray 

spectroscopy i s  employed) gamma-ray branching -a t ios .  The eccuracy o f  

t he  r e s u l t a n t  c ross-sect ion  values i s  l i m i t e d  p r i n c i p a l l y  by u n c e r t a i n t i e s  

i n  the neutron f l u x  c h a r a c t e r i s t i c s  and i n  the h a l f - l i f e  and gamma-ray 

branching r a t i o s .  [These former u n c e r t a i n ~ i e s  can i n  some cases be 

reduced by i r r a d i a t i o n  o f  "standards" whose values a re  accura te ly  known.] 

Several years q o ,  a  number o f  f i s s i o n  products which a c t  as impor tant  

16 neutron absorbers (poisons) i n  f as t - reac to r  systems were i d e n t i f i e d  , 

and an e f f o r t  t o  make measurements o f  t h e i r  neutron-absorpt ia~n cross  

sec t ions  i n  a  documented " f as t - reac to r "  neutron spectrum was undertaken. 

Some o f  the  r e s u l t s  o f  t h i s  program have. recent ly  been summarized1'; A  

number o f  these f i ss ion -p roduc t  nuc l i des  have r a d i o a c t i v e  capture  products 

and hence can be s tud ied  us ing a c t i v a t i o n  techniques. A l i s t i n g  o f  

these rad ioac t i ve  capture  products,  roughly i n  the  order  o f  the  importanoe 

. o f  t h e i r  f i  ssion-'product "parents" as f as t - reac to r  po i  sons, i s  g iven i n  

Table I V .  The data on the  absorp t ion  cross sec t ions  o f  these poisons are  

thus d i r e c t l y  dependent on a  knowledge o f  the  values o f  thes f  gamma-ray 

branching r a t i o s .  



111. THE FILE OF DECAY DATA FOR ENDFIB 

As ment ioned i n  Sec t ion .  II,l above, t h e  scope o f  t h e  Eva lua ted  

Nuc lear  Data F i l e  (ENDFIB) was expanded a b o i t  f o u r  y e a r s  ago t o  i n c l u d e  

d e t a i l e d  r a d i o a c t i v e - n u c l i d e  decay data.  It seems a p p r o p r i a t e ,  w i t h i n  

t h e  c o n t e x t  o f  t h i s  meet ing ,  t o  p r e s e n t  a  d i s c u s s i o n  o f  t h e  p h i l o s o p h y  

u n d e r l y i n g  t h e  ENDFIB decay-data f i l e  and t o  d e s c r i b e  i t s  o r g a n i z a t i o n  

and t h e  types  o f  i n f o r m a t i o n  i t  c o n t a i n s .  

The i n i t i a l  m o t i v a t i o n  beh ind  t h e  expansion i n  scope o f  ENDFIB was 

t h e  d e s i r e  t o  p r o v i d e  a  common base o f  f i s s i o n - p r o d u c t  decay d a t a  r e l e v a n t  

t o  t h e  decay-heat  problem. However, f rom t h e  o u t s e t  o f  t h i s  e f f o r t  i t  

was recogn ized  t h a t ,  s i n c e  ENDFIB r e p r e s e n t s  t h e  accepted base o f  n u c l e a r  

d a t a  f o r  t h e  r e a c t o r  r e s e a r c h  and development program i n  t h e  U. S., such a  

f i l e  s h o u l d  have a  d a t a  c o n t e n t  s u f f i c i e n t l y  broaa t o  be a p p l i c a b l e  t o  

a  wide v a r i e t y  o f  r e a c t o r - r e l a t e d  a c t i v i t i e s  ( e x a ~ s p l e s  o f  wh ich  have been 

summarized above). Thus, t h e  f i l e  has as i t s  p r i m a r y  o b j e c t i v e  t h e  p r o v i s i o n  

o f  a  commonly a v a i l a b l e ,  e v a l u a t e d  oase o f  decay d a t a  f o r  use i n  t h e  U. S. 

nuclear-power program. As such, i t  was i n t e n d e d  n o t  t o  r e p l a c e  such 

b r o a d l y  o r i e n t e d  d a t a  c o m p i l a t i o n s  as t h e  Nuc lear  Data Sheets o r  t h e  Tab le  

o f  I s o t o p e s  b u t  r a t h e r  t o  r e p r e s e n t  a  c a r e f u l l y  e v a l u a t e d  subse t  o f  such 

data,  p repared  w i t h  t h e  needs o f  a  c e r t a i n  group o f  u s e r s  i n  m ind  and p resen ted  

i n  a  f o n n a t  r e a d i l y  u s a b l e  by them. B a s i c a l l y ,  t h e  d a t a  on t h e  f i l e  

p r o v i d e ,  f o r  each n u c l i d e ,  a  d e t a i l e d  d e s c r i p t i o n  o f  t h e  energy a s s o c i a t e d  

w i t h  t h e  decay. It a t t e m p t s  t o  do t h i s  i n  a  manner which l e n d s  i t s e l f  

t o  as b road  a  range o f  a p p l i c a t i o n s  as p o s s i b l e ,  w i t h i n  t h e  l i m i t s  o f  a  

r e a l i s t i c  c o n t e n t  and s i z e .  I n  t h i s  c o n t e x t ,  i t  i s  encourag ing  t o  n o t e  



t ha t ,  a l though the decay-data e f f o r t  f o r  ENDFIB represents a f a i r l y  

recent  one on the i n t e r n a t i o n a l  nuclear-data scene, the  rev i sed  format 

has recen t l y  been adopted as the  one t o  be used i n  the exchange o f  decay 

data among the var ious data centers  i n  Western Europe, Japan and the U. S. 

The i n i t i a l  data content  and fonnat  adopted has been descr ibed i n  

d e t a i l  elsewhere18y19; i t  formed the bas i s  f o r  the  f i r s t  c o l l e c t i o n  o f  . . 

decay data, which was contained i n  Version-IV o f  ENDFIB, issued i n  1974. 

Subsequently, the data content  and format have been expanded and rev ised.  

somewhat, p r i n c i p a l l y  t o  prov ide ( 1 )  a more d e t a i l e d  desc r i p t i on  o f  t he  

r a d i a t i o n  associated w i t h  i n t e r n a l  conversion ( impor tan t  f o r  the  h e a v i ~ r  

nuc l ides ,  i n c l u d i n g  the ac t i n i des ) ;  ( 2 )  a means o f  t r e a t i n g  r a d i a t i o n  

(e.g., delayed neutrons) whose spectrum c ~ n t a i n s  both  a d i s c r e t e  and a 

continuous component; and ( 3 )  a means o f  i d e n t i f y i n g  the source o f  the  

var ious r a d i a t i o n s  i n  s i t u a t i o n s  where two o r  more nuc l ides  a re  produced i n  

the decay o f  a g iven isotope. Th is  rev ised format forms the bas i s  o f  

the decay data t o  be inc luded i n  Version-V o f  ENDFIB, scheduled f o r  

release e a r l y  i n  19?8. At  the  present  t ime, no f u r t h e r  mod i f i ca t i ons  o f  

the  decay-data content  o r  format a re  planned. Although the focus o f  t he  

present d iscuss ion i s  on f i s s i o n  products, i t  should be mentioned t h a t  a 

f i l e  o f  decay data f o r  -50 a c t i n i d e  isotopes has a l so  been prepared f o r  

Version-V o f  ENDFIB and t h a t  plans are  underway f o r  a f i l e  o f  decay data  
. , .  

f o r  impor tant  reac to r - re la ted  a c t i v a t i o n  products.  . - 

I I I .l. St ruc tu re  'o f  . t he  Decay-Data F i l e  . . 

T h e . f i l e  Ps most s imply discussed by ' reference t o  ac tua l  'examples o'f 

s p e c i f i c  data sets. We have chosen tho examples, and l Z 8 I ,  to '  serve 



as v e h i c l e s  f o r  t h e  d iscuss izm.  A l though  no few a c t u a l  cases can i l l u s t r a t e  

a l l  f a c e t s  o f  t h e  f i l e  s t r u c t u r e ,  these  r e l a t i v e l y  s imp le  cases p r o v i d e  a 

good o r i e n t a t i o n  t o  it. The decay-data se ts ,  i n  card-image fo rmat ,  as 

p repared  f o r  o u r  l a b o r a t o r y ,  o r  "work ing,"  f i l e  f o r  these  two a c t i v i t i e s  

a r e  shown i n  Tab les  V and V I .  (The p rocess  by which t h e y  a r e  t r a n s c r i b e d  

i n t o  t h e  f i n a l  ENDFIB f o r m a t  w i l l  be ment ioned below.) 

The f i r s t  c a r d  c o n t a i n s  t h e  f o l l o w i n g  i n f o r m a t i o n :  Z and A v a l u e s  

( i n  t h e  fo rm 1000 Z + A )  f o l l o w e d  immed ia te ly  by an: isomer f l a g .  A b l a n k  

o r  z e r o  i n  t h e  l p t t e r  column i n d i c a t e s  t h e  ground s t a t e  o f  t h e  nucleus;  a 

1 ,  2, ... i n d i c a t e s  a f i r s t ,  second, ... i s o m e r i c  s t a t e .  ( I s o m e ~ s  a r e  

a r b i t r a r i l y  r e s t r i c t e d  t o  n u c l e a r  s t a t e s  w i t h  h a l f - l i v e s  > 0.1 sec and 

a r e  l i s t e d  as separa te  " n u c l i d e s "  i n  t h e  f i l e . ) ,  F o l l o w i n g  t h i s  on t h e  

f i r s t  c a r d  a r e  t h e  chemical  symbol , t h e  s p i n  and p a r i t y  o f  t h e  s t a t e  and 

a number i n d i c a t i n g  t h e  number o f  "comment ca rds"  t o  io l . low. .  The numbers 

(10,  20, . . . I  a t  t h e  r i g h t  on t h i s  and t h e  o t h e r  ca rds  a r e  used f o r  

f i 1 e-ed i  ti ng and r e 1  a t e d  computer-processi  ng a c t i v i t i e s .  . 
Next  comes a g roup  o f  ca rds  wh ich  p r o v i d e  t h e  documentat ion f o r  

and p e r t i n e n t  comments abou: t h e  d a t a  se t .  These a r e  f o l l o w e d  by a c a r d  

g i v i n g  t h e  ha1 f - l i f e ,  i . t s  u n c e r t a i n t y ,  t h e  u n i t s , ,  t h e  number o f  decay 

modes o f  t h e  n u c l i d e  and t h e  numb.er o f  energy. spec. t ra t o  be  l i s t e d .  

T h i s  i s  f o l l o w e d  by c a r d s  (equa l  i n  number t o  t h e  i n d i c a t e d  number 

o f  decay modes) g i v i n g  t h e  601 l o w i n g  i n f o r m a t i o n  abou t  .each decay mode: 

t h e  t y p e  o f  decay; whe ther  o r  n o t  an i s o m e r i c  s t a t e  i n  t h e  daugh te r  i s  

fed ;  t h e  Q-va lue  i n  keV f o r  t h e  decay mode; i t s  uncer ta in ty . ;  t h e  b r a n c h i n g  

r a t i o  ( i n  p e r c e n t )  o f  t h e  decay mode; and i t s  u n c e r t a i n t y .  The decay 



. modes thus f a r  t r e a t e d  are  denoted as fo l lows:  6-, 1; e l e c t r o n  capture  

and/or 6+, 2; i somer i c - t r ans i t i on ,  3; a -pa r t i c l e ,  4; neutron, 5; 

spontaneous f i s s i o n ,  6; and proton, 7. I f  one type o f  decay (e.g., 6-1 

feeds both  the ground s t a t e  and an isomeric s t a t e  i n  the  daughter nucleus, 

t h i s  i s  t r ea ted  as two d i s t i n c t  decay modes. Any r a d i a t i o n s  (e.g., an 

isomeric t r ans i t i c , n )  associated w i t h  the  decay o f  the  daughter-nucleus 

isomeric s t a t e  are 1  i sted w i  t h  the  dacghter-nucleus decay ,data. 

The next card  conta ins  the  average-energy i n fo rma t i on  i n  keV/ 

d i s i n t e g r a t i o n  i n  the order :  ( E ~ ~ ~ ~ ~ ~ ~ , , ) ;  i t s  uncer ta in ty ;  ( E ~ ~ ~ ~ ~ ~ ) ;  

i t s  uncer ta in ty ;  Oheavy particle); and i t s  uncer ta in ty .  These average 

, . 
energies con ta in  the  f o l l o w i n g  con t r i bu t i ons .  ( E ~ ~ ~ ~ ~ ~ ~ ~  , ) inc ludes the  

average energy from a1 1  processes i n v o l v i n g  e lec t rons,  such as 6-, B+, 

conversion e lec t rons  and Auger e lec t rons.  The photon term inc ludes n o t  

on l y  y rays, b u t  a lso  a l l  o the r  electromagnet ic r a d i a t i o n  ie.g., x  rays 
, 

and a n n i h i l a t i o n  r a d i a t i o n )  emi t ted  i n  the  decay process. The t h i r d  

energy inc ludes c o n t r i b u t i o n s  from & p a r t i c l e  emission, pro ton and neutrons. 

( It cou ld  a1 so i nc lude  spontaneous-fi ssion-fragment c o n t r i b u t i o n s  as 

we l l ,  i f  desired.)  

Next comes the l i s t i n g  o f  the  var ious  r a d i a t i o n  spectra. Each 

l i s t i n g  cons i s t s  o f  two types o f  cards. The f i r s t  o f  these conta ins  the  

f o l l o w i n g  i n fom ia t i on :  a  normal iza t ion  f a c t o r  ( t o  conv2r t  r e l a t i v e  

i n t e n s i t i e s  t o  a b i o l u t e  i n t e n s i t i e s ) ;  i t s  uncer ta in ty ;  the number o f  

i n d i v i d u a l  t r a n s i t i o n s  1  i sted; the  r a d i a t i o n  type; the  average energy 

( i n  keV per  decay) associated w i t h  the  r a d i a t i o n  type; and i t s  unce r ta in t y .  

The numbering o f  the  r a d i a t i o n  types i s  s i m i l a r  t o  t h a t  g iven above f o r  



the  decay modes w i t h  the add i t i ona l  conventions: 8 denotes d i s c r e t e  

e lec t rons  (e.g., conversion e lec t rons )  ; 9  denotes phorons no t  a r i s i n g  

as t r a n s i t i o n s  between nuc lear  s ta tes ;  and O denotes y  rad ia t i on .  The 

second o f  these card  types conta ins  the  s p e c i f i c  spect ra l  in format ion ,  

w i t h  one card  f o r  each i n d i v i d u a l  t r a n s i t i o n .  Except f o r  the  cases 

discussed' below, t he  data g iven here are  1  i sted i n  the order:  energy, 

i t s  unce r ta in t y ,  i n t e n s i t y  and i t s  uncer ta in ty .  For e.-c. and 6+ decay 

( r a d i a t i o n  type 2, see Tab12 VI )  two sets  o f  i n t e n s i t y  i n fo rma t i on  

are given: namely t h a t  o f  t he  e lec t ron-capture  component o f  the  

t r a n s i t i o n  and t h a t  o f  the  B+ component. I n  t h i s  case the average energy 

l i s t e d  i s  t h a t  o f  the  Bt canponent only.  \ ( T h a t  associated w i t h  the e.-c. 

decay appears i n  the form o f  x - rad ia t i on ;  and t h i s  i s  inc luded i n  r a d i a t i o n  

type 9.) For 6+ and 6- t r a n s i t i o n s ,  p rov i s i on  i s  a lso  made.for i nc lud ing  

a  " m u l t i p o l a r i t y  f l ag , "  g i v i n g  the spectfum shape o f  the  p a r t i c u l a r  

t r a n s i t i o n .  The symbol "1 U" i nd i ca tes  a  f i  r s t - f o rb idden  unique shape; 

and the computei- takes t h i s  i n t o  account i n  i t s  c a l c u l a t i o n  o f  

(E ) f o r  t h a t  t r a n s i t i o n .  I n  t he  absence o f  such a  no ta t i on .  (which i s  
6  

t he  case o f  a1 lowed o r  f i r s t - f o r b i d d e n  non-unique t r s n s i  t i o n s )  an a1 lowed 

s3ape i s  assumed. . . 

Shown next i n .  Tables B and V I  a re  the l i s t i n g s  f o r  y  r a d i a t i o n  

( r a d i a t i o n  type 0).  When sva i l ab le ,  t he  y-ray data are  always g iven l a s t  

i n  the data set. P rov i s i on  i s  made f o r  the  existence o f  two cards f o r  

each y-ray t r a n s i t i o n .  The f i r s t  o f  these conta ins  t he  fo l l ow ing  

in format ion :  energy, i t s  unce r ta in t y ;  i n t e n s i t y ,  i t s  uncer ta in ty ;  

m u l t i p o l a r i t y  and a  source f lag;  i ' nd i ca t i ng  w i t h  which decay process the 



y r a y  i s  assoc ia ted .  (No te  t h a t ,  i n  a d d i t i o n  t o  pure  mu1 t i p o l e s ,  t h e  

a lphanumer ic  i n f o r m a t i o n  h e r e  can d e s c r i b e  m ixed  m u l t i p o l e s  and unsymmetr ic  

u n c e r t a i n t i e s  i n  t h e  c o n t r i b u t i o n s  o f  t h e s e  m u l t i p o l e s . )  The second 

c a r d  c o n t a i n s  i n t e r n a l - c o n v e r s i o n - c o e f f i c i e n t  data,  w i t h  u n c e r t a i n t i e s ,  

f o r  t h e  K- ,  L - ,  and M-she l l s .  G e n e r a l l y ,  however, as i n  t h e  cases l i s t e d  

here ,  t h i s  i n f o r m a t i o n  i s  n o t  s p e c i f i c a l l y  entered.  It i s  genera ted  

f rom t h e  l i s t e d  y - r a y  da ta ,  u s i n g  computer p r o c e s s i n g  codes t o g e t h e r  w' th 

t h e o r e t i c a l  i n t e r n a l - c o n v e r s i o n  c o e f f i c i e n t s .  A l though  adequate f o r  

mos t  a p p l i c a t i o n s ,  t h i s  p rocedure  can be i n  e r r o r  i n  socle cases (e.g., 

anomalous c o n v e r s i o n  c o e f f i c i e n t s )  ; and i t  i s  a lways p o s s i b l e  t o  e n t e r  

~aeasured  v a l u e s  , i f  des i red .  

B e f o r e  these  c a t a  a r e  e n t e r e d  i n t o  ENDF/@, two s e p t r a t e  p r o c e s s i n g s  

a r e  c a r r i e d  out .  The f i r s t  o f  t h e s e  c c , n s i s t s  o f  p r o d u c i n g  l i s t i n g s  f o r  

t h e  " d i s c r e t e - e l e c t r o n "  s p e c t r a  ( r a d i a t i o n  t y p e  8)  and t h e  x - ray  and 

a n n i h i l a t i o n - r a d i a t i o n  ( r a d i a t i o n  t y p e  9 1 ,  p r e p a r i n g  t h e  ICC v a l u e s  f o r  

t h e  y - r a y  t r a n s i t i o n s  (where t h e  mu1 t i p o l  a r i  t i e s  a r e  g i v e n )  and c a l c u l a t i n g  

t h e  v a r i o u s  average-energy va lues .  F o r  these  two s e t s  o f  s p e c t r a ,  t h e  

l i s t i n g s  a r e  g i v e n  i n  t h e  same f o r m a t  as f o r  t h e  o t h e r s ,  v i z . ,  a  n o r m a l i z a -  

t i o n  card,  f o l l o w e d  by an e n e r g y - i n t e n s i  t y  c a r d  f o r  each o f  t h e  i n d i v i d u a l  

t r a n s i t i o n s .  These e n t r i e s  a r e  g e n e r a l l y  c a l c u l a t e d  t h e o r e t i c a l l y ,  u s i n g  

t h e  known p r o p e r t i e s  o f  t h e  gamma-ray t r a n s i t i o n s  and t h e  v a r i o u s  parameters 

o f  t h e  a tomic  p rocesses  i n v o l v e d ,  a l t h o u g h  where measured v a l u e s  e x i s t  and 

a r e  o f  p a r t i c u l a r  importance,  these  can be e n t e r e d  d i r e c t l y .  

A f t e r '  t h i s  p rocess ing ,  t h e  d a t a  s e t s  are '  c o n v e r t e d  i n t o  t h e  ENDF/B 

fo rmat .  T h i s  l a t t e r  f o r m a t  i s  designed p r i m a r i l y  f o r  use i n  l a r g e  



conlputer-based c a l  c u l  a t i o n a l  codes and i s  n o t  g e n e r a l l y  "peop le  readable."  

Consequent ly ,  i t  i s  n o t  t r e a t e d  here ;  a tho rough  d i s c u s s i o n  o f  i t  i s  

g i v e n  i n  Ref. 20. 

More c o m p l i c a t e d  decay processes can be t r e a t e d  w i t h i n  t h e  s t r u c t u r e  

o f  t h i s  d a t a  f i l e .  Delayed-neutron emiss ion  ( 6 -  decay f o l l o w e d  by 

n e u t r o n  e m i s s i o n ) ,  f o r  exanpl  e, wou ld  'be 1 i s t e d  as decay mode "1 5"  - 1 

f o r  6- and 5 f o r  neu t ron .  And, a y r a y  e m i t t e d  f rom an e x c i t e d  s t a t e  o f  

t h e  nuc leus  rema in ing  a f t e r  t h e  n e u t r o n  emi'ssion wou ld  c a r r y  a source 

f l a g  "15." Spec t ra  c h a r a c t e r i z e d  by b o t h  a d i s c r e t e  and a c o n t i n u o u s  

component, such as de layed  n e u t r o n  spec t ra ,  a r e  l i s t e d  i n  t h e  f o l l o w i n g  

manner. The d i s c r e t e  comp3nents a r e  l i s t e d  as usua l :  energy,  u n c e r t a i n t y ;  

i n t e n s i t y ,  and u n c e r t a i n t y .  F o r  t h e  c o n t i n u o u s  component, t h e  (energy 

v a l u e s  a r e  chosen (and  1 i s t e d )  a t  e q u a l l y  spaced i n t e r v a l s  a c r o s s  t h e  

d i s t r i b u t i o n ,  w i t h  a s u f f i c i e n t  number o f  p o i n t s  chosen t o  p e r m i t  a  
, . 

s u i t a b l y  a c c u r a t e  r e p r e s e r ! t a t i o n  o f  t h e  d i s t r i b u t i o n .  The i n t e n s i t y  

(and  where a p p r o p r i a t e ,  t h e  u n c e r t a i n t y )  v a l u e s  cor respond ing  t o  these  

energy p o i n t s  a r e  l i s t e d ,  n o t  i n  t h e  columns where t h e  d i s c r e t e  d a t a  a r e  

g iven ,  b u t  i n  t h e  n e x t  two groups o f  columns ( c o r r e s p o n d i n g  t o  p o s i t i o n s  

o f  a f i f t h  and a s i x t h  e n v y ) .  I n  t h i s  fash ion ,  t h e  d i s c r e t e  and t h e  

con t inuous  components can be r e a d i l y  recognized.  



I V .  APPLICATIONS OF 6-STRENGTH FUNCTION STUDIES 

With the advent o f  on - l i ne  iso tope separators i n  recent  years,  a  

cons iderab le  experimental and t h e o r e t i c a l  1  i t e r a t u r e  on 6-strength f unc t i ons  

o f  nuc l ides  f a r  o f f  the  l i n e  o f  beta s t a b i l i t y  has been generated. A 

2  1  summary o f  t h i s  f i e l d  i s  prov ided by an e x c e l l e n t  review a r t i c l e  . 
Although the m a j o r i t y  o f  these s tud ies  have invo lved neu t ron -de f i c i en t  

nuc l ides ,  several papers dea l i ng  w i t h  6-strength f unc t i ons  o f  s h o r t - l i v e d  

f i s s i o n  products have been publ i shed22s23. For most o f  these nuc l ides ,  

d e t a i l e d  decay-schem,? data do no t  p resen t l y  e x i s t .  Consequently, f o r  

app l i ca t i ons  such as decay heat  where 6- and y-ray r e l a t e d  data  are  

requ i red,  those data f o r  these nuc l ides  must be obtained from t h e o r e t i c a l  

considerat ions.  Because o f  t h e i r  sho r t  h a l f - l i v e s ,  these n ~ c l i d e s  make 

the bu lk  o f  t h e i r  c o n t r i b u t i o n ' t o  the  decay-heat source tern; a t  r e l a t i v e l y  

sho r t  t imes ( -10 ' - lo3  sec), which i s  the i n t e r v a l  o f  importance f o r  the  

assessment o f  the  e f f e c t s  o f  l oss -o f - coo lan t  accidents.  

It has been po in ted out24 t h a t  the data generated from these 6-strength- 

f unc t i on  s tud ies  may prov ide a  means o f  deducing "exper imental"   and 
  an values f o r  these nucl ides.  Th is  seems t o  us t o  represent  an e x c e l l e n t  

i l l u s t r a t i o n  o f  t he  a p p l i c a t i o n  o f  a  r a t h e r  exo t i c  type o f  bas ic  nuclear-  

s t r u c t u r e  data t o  the  s o l u t i o n  o f  an impor tant  p r a c t i c a l  problem; and 

we g i ve  a  b r i e f  d iscuss ion o f  t h i s  app l i ca t i on .  
. . 

The experimental techniques and the methods o f  data ana l ys i s  

employed t o  ob ta in  the @-s t reng th  f unc t i ons  f o r  t he  decay o f  f i s s i on -p roduc t  



nuc l ides  has been descr ibed i n  d e t a i l  elsewhere22y23. For  purposes o f  

t h i s  discussion, we wi 11 de f i ne  on l y  the  p e r t i n e n t  quant iZ ies  involved. 

A schematic decay scheme f o r  a  nuc l i de  w i t h  r e l a t i v e l y  l a r g e  Q value i s  

shown i n  F ig .  3. The ener iy  avai. lable f o r  the  decay i s  Q The 6-decay 
6' 

branching i n t e n s i t y  t o  an energy i n t e r v a l ,  dE, centered a t  an e x c i t a t i o n  

energy, E, i n  the  daughter nucleus i s  def ined as b(EidE. A t  e x c i t a t i o n  

energies o f  the order  o f  a  few MeV, t h i s  energy i n t e r v a l  gene ra l l y  

conta ins  a  r e l a t i v e l y  l a r g e  number o f  d i s c r e t e  energy l eve l s .  The quan t i t y  

o f  i n t e r e s t  f o r  nuc lear  s t ruc tu re ,  i n  t h i s  case, i s  the  6-s t rength  

func t ion ,  S (E l ,  which i s  def ined by t he  r e l a t i ~ n ~ l - ' ~  
6  

where T+ i s  the  parent-nucleus 6-decay h a l f - l i f e  and .f(Z,Q-E) i s  the  

i n teg ra ted  r a t e  f unc t i on  ( 3 r  Fermi f unc t i on ) .  From.the experiment, values 

a re  deduced f o r  the  quan t i t y  b(E)dE as a  f unc t i on  o f  E. For experimental 

reasons, b(E)dE cannot be measured below a  c e r t a i n  energy, Eo. For  

the  experimental cond i t i ons  o f  Ref. 23 ( f rom which the data presented 

below were taken),  Eo -305 keV and dE - 142 keV. It should be noted 

t h a t  these measurements g i ve  absolute values f o r  b(E)dE, no t  j u s t  r e l a t i v e  

ones. Our i n t e r e s t  here centers  on the 6-feeding i n t e n s i t i e s ,  b(Ei )dE, 

s ince they can be used t b  i n f e r  ( E ~ )  (and hence ( E ~ )  ) values. These 

6-decay branching data a re  not  e x p l i c i t l y  g iven i n  Ref. 23. However, 

they have been supp l ied  t o  us by Dr. K. A l e k l e t t .  



By analogy w i t h  t h e  more customary s i t u a t i o n  i n  wh ich  t h e  e n e r g i e s '  

and i n t e n s i t i e s  o f  . the d i s c r e t e  0-decay branches are known f rom decay- : 

scheme s t u d i e s ,  we can c a l c u l a t e  an average 0  energy p e r  decay, (E ) 
6  a' 

c o r r e s p o n d i n g  t o  t h e  f r a c t i o n ,  a, o f  t h e  6  i n t e n s i t y  t o  l e v e l s  above Eo, 

u s i n g  t h e  r e l a t i o n  

where 

E  . : 0 -E. t h  
01 , i s  t h e  e n d - p o i n t  energy o f  t h e  i- 0-decay branch,  

I . : b(Ei)dE i s  t h e  i n t e n s i t y  (expressed  as a  f r a c t i o n  p e r  01 
t h  decay) o f  t h e  i- 6-decay branch,  

and fi(Egi g i v e s  t h a t  f r a c t i o n  o f  t h e  a v a i l a b l e  energy ( U  -E . )  wh ich  
0 1  

i s ,  on t h e  average, c a r r i e d  by t h e  0  r a d i a t i o n .  S i m i l a r l y ,  t h e  average 

( a n t i  ) n e u t r i n o  energy, (E ) c o r r e s p o n d i n g  t o  these  t r a n s i t i o n s  i s  
v a '  

g i v e n  by t h e  e x p r e s s i o n  
j . .  

The fi (EBi) v a l u e s  were c a l c u l a t e d  u s i n g  a, computer program d e s c r i b e d  

i n  Ref. 25. 

To o b t a i n  v a l u e s  f o r  ( E ~ ) ,  accoun t  must  be t a k e n  o f  t h a t  f r a c t i o n ,  

1-a, o f  t h e  6-decay i n t e n s i t y ,  wh ich  proceeds t o  daugh te r -nuc leus  l e v e l s  
. . 

be low Eo. To do t h i s ,  we' have c o n s i d e r e d  t h e  f o l l o w i n g  t h r e e  s i t u a t i o n s :  

wh ich  c o v e r  t h e  range o f  p o s s i b l e  d i s t r i b u t i o n s  o f  t h i s  rema in ing  6  i n t e n s i t y :  
. . . . 



( 1  ) t h e  rema in ing  f r a c t i o n  ( 1  -a)  goes d i r e c t l y  t o  the .  gro,und . . 

s t a t e ;  . . 

( 2 )  t h i s  f r a c t i o n  goes t o  an assumed s t a t e  ha l fway  between t h e  

ground s t a t e  and Eo; 

( 3 )  - t h i s  f r a c t i o n  i s  s ~ l  i t  e q u a l l y  among f o u r  s t a t e s  ( . i n c l u d i n g  

t h e  ground s t a t e )  issumed e q u a l l y  spaced i n  t h e  r e g i o n  

below Eo. 

The r e s u l t i n g  average-energy va lues ,  ( E ~ ) ~  -a, can t h e n  be combined w i t h  
1 

t h e  ( E ~ ) ~  v a l u e  t o  y i e l d  an o v e r a l l  ( E ~ )  v a l u e  c o n s i s t e n t  w i t h  each o f  

these  t h r e e  cases. The ( E ~ )  val-ues c a l c u l a t e d  a c c o r d i n g  t o  s i t u a t i o n  

( 3 )  above l i e  between those  c a l c u l a t e d  a c c o r d i n g  t o  s i t u a t i o n s  ( 1  ) .and 

( 2 ) .  Consequent ly ,  i n  t h e  absence o f  o t h e r  i n f o r m a t i o n  ( s u c h  as, e.g., 

g r o u n d - s t a t e  s p i n s )  r e g a r d i n g  t h e  d i s t r i b u t i o n  of t h i s  i n t e n s i t y ,  t h e  

(E6) v a l u e s  g i v e n  below have been . c a l c u l a t e d  assuming t h e  a p p l i c a b i l i t y  

o f  t h i s  t h i r d  s i t u a t i o n .  

I n  Ref. 24, (E6) va lues ,  c a l c u l a t e d  as d e s c r i b e d  above, a r e  g i v e n  

23 f o r  t h e  68 f i s s i o n - p r o d u c t  a c t i v i t i e s  s tud ied ,  by A l e k l e t t ,  fi .. . F o r  

purposes o f  d i s c u s s i o n  here ,  however, we 1  i s t  o n l y  those  f o r  t h e  11 n u c l i d e s  

f o r  wh ich  ( E ~ )  v,alues, d e r i v e d  f rom c o n v e n t i o n a l  decay-schemes, s t u d i e s ,  

a r e  a v a i l a b l e .  A  compar ison o f  o u r  deduced (E6)va lues  f o r  these  n u c l i d e s  

w i t h  those  o b t a i n e d  f rom t h e  decay-scheme.data g i v e n  i n  t h e  F i s s i o n - P r o d u c t  

F i l e  c u r r e n t l y  .be ing  p repared  f o r  V e r s i o n  V o f  ENDFIB i s  g i v e n  i.n. 

Tab le  V I I .  A  compar ison o f  t h e  6 - i n t e n s i t y  d i s t r i b u t i o n s  f rom these  two 

sources i s  i l l u s t r a t e d ,  f o r  t h r e e  t y p i c a l  cases, i n  F i g .  4. 



It i s  d i f f i c u l t  a t  p resent  t o  prov ide a  r e a l i s t i c  assessment o f  

t he  u n c e r t a i n t i e s  t o  be associated w i t h  the  (E6) values l i s t e d  i n  column 

7 o f  Table V I I .  The u n c e r t a i n t i e s  assoc ia ted w i t h  these values have been 

est imated from a  cons ide ra t i on  o f  o n l y  two poss ib le  sources o f  e r r o r :  

( 1 )  t h a t  associated wi th .  t he  d i s t r i b u t i o n  o f  t he  f r a c t i o n  (1-a) o f  t he  

i n t e n s i t y ;  and ( 2 )  poss ib le  e r r o r s  i n  the  value o f  a  i t s e l f .  Th is  f i r s t  

source has been t rea ted  by d i r e c t  ca l cu la t i on ;  and i t s  c o n t r i b u t i o n  

r e f 1  ec t s  the  spread i n  ca l cu la ted  values r e s u l t i n g  from the  three d i  f f e r e n t  
I 

assumptions 1  i s ted  above concerning the d i  s t r i  b u t i o n  o f  6  i n t e n s i t y  t o  

l e v e l s  below Eo. 10 est imate o f  the  magnitude o f  poss ib le  e r r o r s  i n  

the  a  values i s  g iven i n  Ref. 23. I n  order t s  prov ide some est imate  o f  

the  i n f l uence  o f  e r r o r s  i n  a  on the der ived ( E ~ )  values, we have assigned, 

somewhat a r b i t r a r i l y ,  an unce r ta in t y  o f  10% t o  each o f  the  l i s t e d  a  values. 

Th is  seems t o  represent  a  reasonable est imate.  Values o f  a grea te r  than 

u n i t y  are, by d e f i n i t i o n ,  no t  possible.  Of t he  a-values g lven i n  Ref. 23, 

on l y  5 (exc lud ing  those o f  some delayed neutron precursors) a re  g rea te r  

than u n i t y  and, o f  these, on l y  two ( f o r  which a - 1 . 2 )  a re  s i g n i f i c a n t l y  

l a r g e r  than 1.1. I n  ,a lcu la t ing  the  o v e r a l l  unce r ta in t y  i n  (E ) , the 
6  

e r r o r  propagat ion took e x p l i c i t  account o f  the  f a c t  t h a t  ( E ~ ) ~  and ( E ~ ) ) ~ - ~  

a re  const ra ined by t he  requirement t h a t  the  t o t a l  6-decay i n t e n s i t y  i s  

u n i t y  ( o r ,  f o r  delayed-neutron emission, i s  1-Pn). No c o n t r i b u t i o n  from 

the  unce r ta in t y  i n .  the  Q6 values i s  inc luded i n  the (E ) u n c e r t a i n t i e s  
6. 

i n  Table V I I .  

I n  general ,  as i nspec t i on  o f  Table V I I  i nd i ca tes ,  the  agreement between 

the two sets  o f  (E6 )va lues i s  q u i t e  'good, p a r t i c u l a r l y  f o r  those nuc l ides  



s i t u a t e d  i n  the  heavy-mass.peak o f  the  f i s s i o n - y i e l d  d i s t r i b u t i o n .  The 

nuc l i de ,  140Cs, appears t o  represent  an exception, bu t  here there  i s  

cons iderab le  uncerta. inty i n  the i n t e n s i t i e s  o f  the  13 branches t o  the  ground 

and f i r s t  exc i t ed  s ta tes  o f  the  daughter nuc l ide ,  140Ba. ( I n  ENDFIB-V 

the  sum o f  these two @ - t r a n s i t i o n  i n t e n s i t i e s  i s  -30%, wh i le -  some data 

e x i s t  which i n d i c a t e  t h a t  t h i s  sum may be ? 40%. Use o f  t h i s  l a t t e r  

value would s i g n i f i c a n t l y  reduce the d i f f e rence  i n  the  two (EO )values. ) 

Consequently, 140Cs may no t  represent a  r e a l l y  good t e s t  case. The "%a 

decay leads t o  doubly even 76Ge.. For t h i s  r e l a t i v e l y  l igh t -mass daughter, 

the  f i r s t  exc i t ed -s ta te  energy i s  f a i r l y  h igh  (-563 keV) and the l.eve1 

dens i ty  up t o  e x c i t a t i o n  energies o f  - 5 ~ 6  MeV i s  low. Consequently, the  

assumptions under ly ing  the ,data-analysis procedures o f  Ref. 23, namely 

t h a t  the  y  decay o f  t he  l e v e l s  e x c i t e d  f o l l ow ing  @ decay can be t rea ted  

s t a t i s t i c a l l y ,  may n o t  be v a l i d .  Even i n  t h i s  case, however, t he  d i f f e r e n c e  

i n  the two (E6) values i s  on l y  about 240 keV (-14%). 

The t h r u s t  o f  the  d iscuss ion thus f a r  has been on l y  t he  eva lua t i on  

o f  the (E6) values, s ince our i n t e r e s t  has centered cn the v a l i d i t y  o f  t he  

idea t h a t  the @ - s t r e n g t h  f u n c t i o n  experiments can serve as a  r e l i a b l e  source 

o f  average-energy data f o r  otherwise unstudied s h o r t - l i v e d  f i s s i o n  products. 

The (EO) values a re  the  impor tant  ones from t h i s  p o i n t  o f  view, s ince the 

( E ~ )  values can then be i n f e r r e d  from the r e l a t i o n  (see, e.g., Ref. 181 

(EY) = QB - (53) - (E") ' 

w i t h  the (E") values being determined from the same b(E)dE data as t he  

(E0)values,(see Eqs. (1 )  and (2.)) above. 



It appears t o  us t h a t  t h e  d a t a  o f  Ref. 23 can be usec t o  p r o v i d e  

r e a l i s t i c   and (E )va lues  f o r  a  number o f  s h o r t - l i v e d  f i s s i o n  p r o d u c t s  
Y 

f o r  wh ich  a t  p r e s e n t  o n l y  t h e o r e t i c a l l y  e s t i m a t e d  va lues  a r e  a v a i l a b l e .  

As such, t h e y  can serve  t o  ex tend  t h e  range o f  n u c l i d e s  o n  t h e  v a r i o u s  

f i  s s i o n - p r o d u c t  1  i b r a r i e s  f o r  wh ich  "exper imenta l  " average-energy v a l  ~ e s  

a r e  a v a i l a b l e .  Because these  d a t a  have i m p o r t a n t  p r a c t i c a l  a p p l i c a t i c n s  

as w e l l  as r e l e v a n c e  t o  low-energy n u c l e a r  p h y s i c s ,  a c o n t i n u i n g  r e s e a r c h  

e f f o r t  a t  o n - l i n e  i s o t o p e - s e p a r a t o r  f a c i l i t i e s  such as BNL-TRISTAN t o  

measure t h e n  f o r  a w i d e r  range o f  n u c l i d e s  wou ld  seem t o  be a  h i g h l y  

w o r t h w h i l e  endeavor. 
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Table I 

Several Categories of Decay Data and Areas of Their Application 

End Use 

Measured Q u a n t i t y  

Hal f -1  i f e  

y-ray 'energy 

Y-ray r e l a t i v e  i n t e n s i t y  

y-ray branching r a t i o  

x-ray energy 

x-ray i n t e n s i t y  

e l e c t r o n  energy 

e l e c t r o n  r e l a t i v e  i n t e n s i t y  

- e l e c t r o n  absolute i n t e n s i t y  

8-ray energy 

8-ray r e l a t i v e  i n t e n s i t y  

p r a y  branching r a t i o  

a - p a r t i c l e  energy 

a - p a r t i c l e  r e l a t i v e  i n t e n s i t y  

a - p a r t i c l e  branching r a t i o  

Q- va 1  ue 

l e v e l  energy 

l e v e l  sp in and p a r i t y  

Decav Heat 

X 

X 

Nucl ide Quan t i ta t i ve  Biomedical Basic 
I d e n t i f i c a t i o n  Nucl ide Assay and Tracer Nuclear Physics 

X X . x ' X  

X X X ' x 
'X X x X 

X X 

X 

X 

X 

X 



Table I1 

A c t i v a t i o n  
Nucl ides 

3H 

Important Radionuclides for 
Nuclear Power Plant Monitoring 

Background 

F i s s i o n  Nucl ides Nucl i des  

8 2 ~ ~  l l O m ~ ~  4 0 K  
8 3 ~ r  lZ2Sb 

12"sb 
8 3 m ~ ~  126sb 
85mKr 1 2 7 ~ b  
8 5 ~ ~  1 2 9 m ~ ~  

8 7 ~ r  lZ9Te  
i 3 i m ~ ~  :% 131, 

9 0 ~ ~  1321 
88~3 1331 
8 9 ~ b  1341 
89sr 1351 

13 i m x e  :::: 133mxe 

92Sr 133Xe 
goy i35mxe 
9imy i 3 s x e  
91y 1 3 7 ~ ~  
92y 1 3 8 ~ ~  
93y 1 3 9 ~ ~  
94y 1 3 4 ~ ~  
95y 1 3 6 ~ ~  

95Zr 1 3 7 ~ ~  
9 7 Z r  138Cs 
95m~b 1 3 9 ~ ~  

9 5 ~ b  '39Ba 
9 e ~ b  140Ba 
9 9 ~ 0  
1 0 1 ~ ~  1 4 2 ~ ~  
99mTc 1 4 0 ~ ~  

99Tc lb2La  
1 0 1 ~ ~  1 4 1 ~ ~  
1 0 4 ~ ~  1 4 3 ~ ~  
1 0 3 ~ ~  1 4 4 ~ ~  
1 0 5 ~ ~  144pr . 
lo5Rh 147Pm . 

Transuranic 
Nucl ides 



Table 111 

Recommended Decay-Scheme Data 
for the ILRR Program 

. , G a m  Energy . , . Ganma I n t e n s i t y  
H a l f - l i f e  . . (keV) 

: ' 

( 9 )  



Table 111 (Continued) 

G a m  Energy Gamna Intenst t y  
H a l f - l i f e  (keV) ( a )  

140Ba 12.789(6) d 537.35(E) 24.4(3) . 

140La 40.26(2) hcee 1596.18(5) 95.40(8) 

a ~ h l s  I s  the value' of the e lect ron res t  mass, rsoc2. The observed 
ann th l l a t l on  photon energy may be lower. 

%here may be sane experimental problems f n  the use o f  t h i s  gamna ray 
due t o  the presence o f  511.0 -keV photons from posl t ron annlh l la t lon.  

'1n equl l lbr tun,  the r a t l o  o f  the 140La t o  140Ba a c t l v l t l e s  I s  

e~hese  Isotopes w t l l  normally occur w i th  the parent h a l f - l f f e .  



Table IV 

Radioactive Capture Products Whose Parents 
are Inportant Fast-Reactor Poisons 



Table 'J 

Sample List ing of Decag Data for 8 5 m ~ r  
Decay Prepared in  the INEL Forma; 

No. of 
Z A IS - -- - I n  Comnt Cards 
36 851 K R  KPC-ENTRY 1/2- 4 

Comnents and Documentatton 
F I L E  t N T R Y  11 175 C h P  I I N E L l  

R t F E R E N C E S :  C- 1$73 R E V l S l C k  OF h P P S T H A - C O V E  MASS T A B L E S -  
CTHER-  F .K.  h@HN.h'.L. I A L R E R T .  J R .  OYO J . K .  F A L B I C I  

KUCL. P H Y S .  6152. 561 11970). 

No. of No. of A L - Untts Decay Modes _Spectra 

Decay Final-State 
Mode I s o  0 a - - a Branchtnp - 

1 0 991.7 2.3 78.8 1.3 

('elect.) - -  a (~phot.)  - a ( Eh.p. ) 
251.6 157.1 6 . 0  

No. of Radtation 
Nonnalizatton A Transi tlons type ('g-) - a 

C . 7 8 8  rJ.013 1 1 226.1 2.3 

Eg- 0 Ig- - 0 

e40.7 2.C 1CO.C 

No. of Radtatlon 
Normaltzatton o Transttions t y ~ e  (Ev) - a 

1 - 4 f j  2 c 156.4 e c 
Source 
Flag 

1 9 0  
39C 



Table VI 

sample Listing of Decay Data for "'I 
Decay Prepared in the INEL Format 

No. o f  
I" - Camnent Cards 

Corments and Documentation 
F I L E  ENTRY: 11 175 CkR I I Y E L I  20 

REFERENCES: 0- 1973 R E V I S I O N  OF UbPSTRA-COVE MASS TABLES. 20 
OTHER- SEE K . L .  AUBLE. NLCL. DATA SHEETS 91 157119731 7 0  

NO. o f  No. of  
& Decay Modes Spectra 

24.59 P 2 5 

Decay F i n a l - S t a t e  
Mode - Isomer 1 - a Branching _e 

1 0 2127. 5. 93.') 4 0 
? C l25e. 5. 6.1 40 

( 'elect.)  a - - 
751.1 

No. of Radiat ion 
Normal izat ion q_ Transi t lons type (Eg-) q_ 

1. .> 4 1 751.1 61 

Normal izat ion 
1. C 

Normal i z a t i o n  
0.11, 
E 
2 
442.91 
526.62 
613.12 
743.52 
969.62 
1139.72 
1434.52 

15. 7 1 
77. 7 1 

No. o f  Radiat ion 
Transi t ions type (EB+) . - a 

2 2 0.3013 6 2 

No. o f  R a d i a t i o n  
T r a n s i t i o n s  type (L) 

7 0 83.9 0 0 
Source 
Flag 

190 



Table \'I1 

Comparison of our calculated averzge 0-energy values with those 
obtained from decay scheme studies. The Qg-value adjustnents 
necessary to complete the comparison are zlso listed. The quan- 
tities in parentheses represent the uncertainties in the least 
significant figure (or figures) of the associated value. For 
further discussion, see the text. 

Nucllde T1/2(se::~ a AJn Reference Q(keV) ( E ~ )  

T H I S  WORK 
ENDF 

T H I S  WORK 
ENOF 

T H I S  WORK 
ENOF 

T H l S  WORK 
ENOF 

THIS  WORK 
ENOF 

T H I S  WORK 
ENDF 

. T H I S  WORK 
ENDF 

T H I S  WORK 
ENDF 

T H I S  WORK 
ENDF 

T H l S  WORK 
ENOF 

T H l S  WORK 
ENDF 



12 I 1  1 l l l l r -  - NOMINAL 
- \ - - ENDF I B - IVQR9B) 

\ ------ ANS 5.1 

I I 1  1 1 1  1 1 1  I , 1 1 1 1 1  

~d 18 IL? 
COOLING TIME T (SEC) 

Figure 1. Conparison of decay-heat functions for 2 3 5 ~  
fission with the "ANS Standard." This figure is taken 
from Ref. 8. 



Figure 2. Gamma-ray spectrum of a sample of primary- 
coolant water in a boiling water reactor. 



(2 ,  A) 

Figure 3; S-hematicdecay scheme i l l u s t r a t i n g  the 
quantit ies  discussed in the t ex t .  . '  

I '  . . . 
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a= 076 

E20- - 
> 
'n C - 
C - 
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O s E 0 1  2 3 4 5 B Q P 7  Exc~ta!~on Energy. E(MeV) 
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Fig. 

Fig.  4c) 13'cs 

Figure 4 .  Comparison of the 8- intensity  d i s tr ibut ions  
deduced from the experimental $-strength function 
measurements (23) with those from.aecay-scheme studies  
for  the decay of a) 7 6 ~ a ,  b) 9 1 ~ b  6nd c )  1 3 9 ~ 6 .  



The UNISOR Pro jec t :  Techniques and Resul ts 

E. H. Spejewski 

UNISOR*, Oak Ridge A s s ~ c i a t e d  Un ive rs i t i es ,  Oak Ridge, TN 37830 

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

The UNISOR ( U n i v e r s i t i e s  Isotope Separator a t  Oak Ridge) conso r t i  um was 

formed i n  1970 f o r  t he  pr imary purpose o f  nuc lear  s t r u c t u r e  s tud ies  i n  t he  

reg ion  f a r  from the  l i n e  o f  beta s t a b i l i t y .  By i n s t a l l i n g  an iso tope separa- 

t o r  on - l i ne  w i t h  t h e  Oak Ricge Isochronous Cyc lo t ron (ORIC) i t  was planned t o  

take advantage o f  t he  r e l a t i v e l y  g rea te r  s p e c i f i c i t y  and h igher  angular-  

momentum t r a n s f e r  o f  heavy-ion reac t i ons  f o r  the  broduct ion  o f  s h o r t - l i v e d  

n u c l e i .  I n i t i a l  p lanning, proposal w r i t i n g , '  etc. ,  were c a r r i e d  ou t  by repre-  

senta t ives  from the  member i n s t i t u t i o n s  w i t h  the  support  o f  Oak Ridge Associ- 

a ted Un ive rs i t i es ,  w i t h i n  which UNISOR i s  f o rma l l y  organized. 

The p r o j e c t  o f f i c i a l l y  began i n  FY 1972 ( J u l y  1971) w i t h  j o i n t  funding 

from the  ( then)  Atomic Energy Commission and the member u n i v e r s i t i e s .  This 
7 

j o i n t ,  f i n a n c i a l  support  o f  the  p r o j e c t  by a  number o f  u n i v e r s i t i e s  i s ,  I 

bel ieve,  unique and i s  a  s t rong  i n d i c a t i o n  of  t h e i r  commitment t o  t he  p r o j e c t  

* 
UNISOR i s  a  consort ium of t h e  U n i v e r s i t y  o f  Alabama i n  Birmingham, Georgia 

I n s t i t u t e  o f  Technology, Emory Un i ve rs i t y ,  Furman Un ive rs i t y ,  t he  Un i ve rs i t y  

of Kentucky, Louis iana Sta te  Un i ve rs i t y ,  t he  U n i v e r s i t y  o f  Massachusetts, Oak 
I 

Ridge Associated Un ive rs i t i es ,  Oak Ridge Nat iona l  Laboratory,  t he  Un i ve rs i t y  

of South Carol ina,  t he  U n i r e r s i t y  of Tennessee, Tennessee Technological 

Un i ve rs i t y ,  Vande rb i l t  Un i ve rs i t y ,  and V i r g i n i a  Po ly techn ic  I n s t i t u t e  and 

Sta te  Un i ve rs i t y .  It i s  supported by these i n s t i t u t i o n s  and by t he  U. S. 

Department o f  Energy. 



and o f  i t s  coopera t ive  nature .  The u n i v e r s i t i e s  i n i t i a l l y  3greed t o  prov ide 

funding f o r  the  p r o j e c t  f o r  a  f i ve -yea r  per iod ,  and have nor  extended these 

agreements f o r  an add i t i ona l  f i v e  years.  I n  add i t i on ,  t he  i n i t i a l  c a p i t a l  

equipment, i n c l u d i n g  the iso tope separator,  was obta ined through the  un iver -  

s i t i e s .  

With funding having been obtained, cons t ruc t i on  o f  a  b u i l d i n g  t o  hause 

the  f a c i l i t y  was begun i n  J u l y  1971, and completed the  f o l l o w i n g  January. 

The iso tope separator was de l i ve red  i n  March, t he  i n s t a l  l a t i o n  and f i n a l  

acceptance t e s t s  being completed i n  l a t e  May. Fo l lowing some a d d i t i o n a l  

i n t e r n a l  const ruc t ion ,  t he  i n i t i a l  t e s t s  o f  t he  o n - l i n e  system were success- 

f u l l y  completed i n  e a r l y  September 1972, w i t h  the  observat ion  o f  Ag iso topes 

2  on the separator f o c s l  plane.1 I n i t i a l  s c i e n t i f i c  r e s u l t s  were presented a t  

t he  Bloomington meetTng o f  the  D i v i s i o n  o f  Nuclear Physics i n  1973. 3  

11. The UNISOR F a c i l i t y  

The UNISOR f a c i l i t y  i s  housed i n  an a d d i t i o n  t o  t he  ORIC bu i l d i ng ,  F ig .  

1. Th is  a d d i t i o n  a lso  houses several  o the r  f a c i l i t i e s ,  w i t h  UNISOR p resen t l y  

occupying approximately h a l f  t he  t o t a l  space, as shown. Although n o t  o r i g i -  

n a l l y  so planned, the  UNISOR beam l i n e  i s  very  s t r a t e g i c a l l y  placed becajse 

i t  i s  t he  on l y  l i n e  which i s  capable o f  t r anspo r t i ng  a  beam d i r e c t l y  from 

ORIC and d i r e c t l y  from the 25-MV tandem acce le ra to r  now under cons t ruc t i on .  

The iso tope separator i s  i n s t a l l e d  w i t h  two Ion-source/ lens combinations. 

One i s  i n  t he  t a r g e t  room and i s  used f o r  o n - l i n e  s tud ies .  The o the r  i s  a t  

the  normal ion-source p o s i t i o n  and can be used f o r  convent ional  separat ions.  

The d r i f t  tube, which connects t he  two through the  s h i e l d i n g  w a l l ,  has a  

"quick-disconnect"  coup l ing  t o  t he  o f f - l i n e  ion-source housing p e r m i t t i n g  



f a s t  and convenient sw i t ch ing  between the  two modes. 

The output  end o f  t he  separator i s  l a b e l l e d  "beam swi tch"  i n  Fig.  1  w i t h  

t h ree  beam l i n e s  i nd i ca ted .  The separator con t ro l  console i s  l oca ted  adjacent 

t o  t h e  "normal" c o l l e c t i o n  chamber w i t h i n  t h i s  experimental area. Also w i t h i n  

t h i s  area a re  source- t ranspor t  systems and da ta -acqu i s i t i on  systems, no t  shown 

i n  F ig .  1. 

A. Iso tope Separator I on  Sources 

The iso tope separator i s  a  commercial4 vers ion o f  t he  Scandinavian type. 

It i s  a  90°, 150-cm rad ius-o f -curvature  device having a  r e s o l u t i o n  am/m<1/2000. 

I t  i s  capable o f  p rov id ing  de l l - focussed beams a t  t he  f oca l  p lane i n  the  mass 

range o f  approximately +8% o f  the  c e n t r a l  beam, p rov id ing  e i t h e r  a  l i n e  o r  a  

spot focus. 

The i o n  source and associated ta rge t i ng ,  i.e. the  a b i l i t y  t o  in t roduce 

the r e a c t i o n  products i n t o  an i o n  source, t o  i o n i z e  and e x t r a c t  them a re  t he  

most c r u c i a l  aspects o f  an ISOL system. They are, fur thermore, t he  most 

t echno log i ca l l y  d i f f i c u l t  problems t o  be faced. Several conceptua l ly  d i f f e r -  

en t  i o n  sources, w i t h  many d i f f e r e n t  mod i f i ca t i ons  o f  each, have been and a re  

being i nves t i ga ted  a t  UNISOR. A l l  take advantage o f  the  l a rge  r e c o i l  l i n e a r -  

momentum imparted t o  t he  r e a c t i o n  products by t he  heavy-ion beams and, there-  

f o re ,  r e l a t i v e l y  t h i n  t a r g e t s  (2-3 mg/cm2) are  requ i red.  

The most used i o n  source has been the  In tegra ted-Target  I on  Source, 5  

the  l a t e s t  vers ion of which i s  shown i n  F ig .  2. This i s  e s s e n t i a l l y  a  

standard N ie lsen o s c i l l a t ~ n g - e l e c t r o n  i o n  s o ~ r c e , ~ "  w i t h  holes c u t  

through t h e  anode c y l i n d e r  and heat  s h i e l d  t o  a l l o w  the  mounting o f  a  

t a r g e t  and a  ca tcher .  I n  opera t ion ,  r e a c t i o n  products from the  heavy- 

i o n  beam r e c o i l  o u t  of t h?  t a r g e t  and a re  stopped i n  a  porous graph i te -  



f e l t  ca tcher  ( c  30 mg/cm2). The catcher  being a t  a temperature o f  approxi-  

mately 1000°C, t he  r e a c t i o n  products d i f f u s e  i n t o  t he  i o n  source. The 

g raph i t e  f e l t  was o r i g i n a l l y  i n s t a l l e d  t o  prevent d e p o s i t i m  o f  tungsten 

emi t ted  from the f i l amen t  onto t he  back c f  t he  t a r g e t .  I t  has had the  

f u r t h e r  serend ip i tous  e f f e c t  o f  increas ing the  ion-source e f f i c i e n c y  and o f  

s h i e l d i n g  t h e  t a r g e t  f rom ion-source thermal r a d i a t i o n .  

Th is  i o n  source has been used f o r  experiments on Xe, I. Bi ,  Pb, TI, and 

Hg isotopes, as we l l  as i n i t i a l  t e s t s  w i t h  Ag iso topes.  E f f i c i e n c i e s  have 

been determined, on 1 ine ,  f o r  isotopes o f  Xe, I, and T I .  The values fa1 1 

w i t h i n  2-51 and account f o r  a l l  losses i n c l u d i n g  poss ib le  t ransmiss ion losses 

as w e l l  as decay losses because the  products spend a f i n i t e  amount of t ime 

w i t h i n  t he  source. The delay-t ime c h a r a c t e r i s t i c s  o f  t h i s  i o n  source were 

i nves t i ga ted  f o r  2.9-sec " 6 1 . ~  The c o l l e c t i c n  r a t e  f o r  the  a c t i v i t y  boas 

a decreasing exponent ia l  w i t h  a t ime constant  ( " h a l f - l i f e " )  o f  4 + 1 sec. 

Recent ly developed was a High Temperature I o n  Source, F ig .  3. It was 

designed t o  operate a t  a temperature o f  c 2000°C i n  order  t o  increase the  

vapor pressure o f  t h e  r e a c t i o n  products w i t h i n  t he  i o n  source and, thersby, 

increase the i o n i z a t i o n  e f f i c i e n c y .  Because t h i s  source i s  so new, t he re  

has n o t  y e t  been t ime t o  determine i t s  e f f i c i e n c i e s  and delay behavior,. 

a l though i t  has been used f o r  several  experiments. Irt opera t ion ,  i t  appears 

t o  have an e f f i c i e n c y  f o r  Hg comparable t o  t he  ITIS, and h igher  e f f i c i e n c i e s  

f o r  T1, Pb and B i .  I n  .addi t ion,  20-sec 182Au has been observed w i t h  t h i s  

i o n  source a t  an apparent ly  comparable e f f i c i e n c y .  

8 The coup l ing  o f  a he l i um- je t  t r a n s p o r t  system t o  a mod i f i ed  ho l low-  

4 cathode i o n  source has a l so  been invest iga ted. '  The pr imary  puipose of 



t h i s  i n v e s t i g a t i o n  was t o  develop a  system f o r  the  ra re -ea r th  elements. I n  

i t s  bes t  form, t h i s  combination produced an e f f i c i e n c y  o f  approximately 1% 

f o r  Sb and ~ e ,  and approximately 0.1% f o r  Oy. With t he  a v a i l a b l e  cyc lo t ron -  

beam i n t e n s i t i e s  and the  necessar i l y  t h i n  t a rge ts  t h i s  l a t t e r  e f f i c i e n c y  i s  

t oo  low f o r  p r a c t i c a l  use a t  t he  UNISOR f a c i l i t y ,  except i n  some spec ia l  

cases. 

I n  an a d d i t i o n a l  at tempt t o  produce ra re -ea r th  isotopes, a  Surface- 

I o n i z a t i o n  i o n  source, F ig .  4, i s  c u r r e n t l y  under development. Th is  con- 

s i s t s  o f  a  tantalum chamber w i t h  a  t h i n  (% 1  mg/cm2) tungsten window, and a  

tungsten i o n i z e r .  The i o n  source i s  heated t o  temperatures > 2000 C by means 

o f  e l e c t r o n  bombardment from a  m u l t i t u r n  tungsten f i l amen t .  Because o f  t he  

h igh  thermal r a d i a t i o n  from the  i o n  source, i t  i s  necessary t o  mount t he  

t a r g e t  a t  some d is tance from the  i o n  source. 

Th is  i o n  source has shown the c a p a b i l i t y ,  i n  o f f - l i n e  t e s t s ,  t o  i o n i z e  

a l l  t he  ra re -ea r th  elements, a l though i t  i s  very  d i f f i c u l t  t o  con t ro l .  A 

graph i t e  vers ion has been used successfu l ly  f o r  Rb experiments, w i t h  an 

apparent ly  h igh  (i 10%) e f f i c i e n c y .  The metal  vers ion was very r e c e n t l y  

t es ted  o n - l i n e  w i t h  a  Pr t a r g e t .  Holmium and Dy isotopes were observed, 

b u t  ,it was impossible t o  es t ima te  t he  e f f i c . iency .  

B. Beam and Source Handling 

The back-end o f  the  separator c o l l e c t i o n  chamber i s  equipped w i t h  a  

beam p o r t  on t he  separator ax is ,  and two add i t i ona l  po r t s  a t  + 30'. Recent- 

l y  t he  30' po r t s  were each equipped w i t h  an e x t e r n a l l y  ad jus tab le  d e f l e c t i o n  

e lec t rode.  The e lec t rode  i s  a  channel forming a  30' c i r c u l a r  arc.  The 

e x i t  end of t he  channel moves along the  a x i s  o f  the  po r t ,  so t h a t  t he  en- 

t rance end can i n t e r c e p t  any mass-beam w i t h i n  6% o f  the cen t ra l  beam and 

s tee r  i t  along the a x i s  o f  a  30' p o r t .  



The cen t ra l  beam p o r t  i s  p resen t l y  a t tached t o  a  2-metec-long beam l i n e  

con ta in ing  two focussing lenses: A second, l -meter - long beam l i n e  i s  a v a i l -  

ab le  f o r  one o f  the  30' l egs  and a  t h i r d  beam,l ine i s  under cons t ruc t i on .  
. . 

When t h i s  is .  completed, t he  f a c i  1  i t y  wi 11 be capable o f  t h ree  simul t a n e ~ u s ,  

f u l l y  on - l i ne  experiments. 

I n  add i t i on ,  the  c o l l e c t i o n  chamber i s  equipped w i t h  a  p a i r  o f  tape 

vacuum seal devices. lo. Each cons is ts  o f  a  small r e e l  o f  alvminum-coated 

mylar tape mounted i n t o  a  smal l  p l a t e  which forms a  s l i d i n g  seal on the  

vacuum chamber.wal1. Mounted on t h e  o the r  s i de  o f  t h e  p l a t e  i s  a  smal l  

chamber, F ig .  4, through which the tape passes. The chamber conta ins  two 

rubber sheets w i t h  a . s l o t  c u t  i n  each through which the  'cape passes and 

which i s o l a t e  t he  vacuum chamber from the  room pressu're. 

These tape-seal devices a re  e x t e r n a l l y  ad jus tab le  t o  i n t e r c e p t  any mass 

beam along the  .focal plane. A source c o l l e c t e c  on the tape can be p u l l e d  

ou t  o f  t he  vacuum chamber and put  i n  f r c n t  o f  a  de tec to r  w i t h i n  a  few 

seconds. Thus, two a d d i t i o n a l  "semi-on- l ine" experiments can be s imu l ta -  

eously performed. 

Attached t o  the  downstream s ide o f ' t h e .  c e n t r a l  beam l i n e  i s  a  t r a n s p ~ r t  

system,'' F ig .  6, which c o l l e c t s  the  mdss-;eparated iso topes and t ranspor ts  

them t o  t he  place where the  measurements a re  performed. Th is  system, which 

a l s o  uses aluminum-coated mylar  tape; i s  modular i n  design. It cons i s t s  of 

a  c o l l e c t i o n  s ta t i on ,  takeup- and feed-keel  chambers and several  experiment 

s ta t i ons .  The modular concept i s  used so t h a t  spec ia l  experiment s ta t i ons ,  

when needed;can be const ruc ted and e a s i l y  i n teg ra ted  i n t o  the  bas ic  system: 

The c o l l e c t i o n ,  t ranspor t ,  and measurement cycles can 'be  sequenced i n  several  

d i f f e r e n t  ways and a re  u l t i m a t e l y  c o n t r o l l e d  by a  small compu.ter, which 



forms the bas is  o f  a  data  a c q u i s i t i o n  system. The t ranspo r t  t ime between 

adjacent s t a t i o n s  i s  approximately 0.2 sec. 

A  s impler  t r anspo r t  system was const ruc ted f o r  use on the  second beam 

l i n e .  Th is  cons is ts  o f  one o r  two chambers which a re  i d e n t i c a l  t o  t he  stan- 

dard experiment s ta t i ons  on the  o r i g i n a l  system. The tape-feed r e e l  and 

d r i v i n g  mechanism are  ou ts ide  o f  t he  vacuum system, the  c o l l e c t i o n  tape 

passing i n t o  and o u t  o f  t he  vacuum chamber through a  p a i r  o f  tape-seal 

devices mounted on t h e  end o f  the chamber. The a i r - leakage r a t e  through the 

tape-seals i s  small enough t o  permi t  t h i s  system t o  be used successfu l ly  

w i t h  a  cooled S i  ( L i )  de tec to r .  

A  t h i r d  t r anspo r t  i s  now under cons idera t ion .  This w i l l  probably con- 

t a i n  a  s i n g l e  continuous loop o f  tape, and may be d r i ven  by a  capstan magnet- 

i c a l l y  coupled t o  a  d r i v e  motor, e l i m i n a t i n g  t he  necess i ty  f o r  a  r o t a t i n g  

seal through the vacuum w a l l .  

C .  Data A c q u i s i t i o n  

A number o f  de tec tors  are  a v a i l a b l e  t o  UNISOR experimenters. These i n -  

c lude several  l a r g e  Ge(Li)  de tec tors ,  Si ( L i  ) e l e c t r o n  detec tors ,  a Ge(Li)  

and a  Si ( L i )  de tec tor ,  NaI(T1) p o s i t r o n  detec tors ,  and S i  surface b a r r i e r  

de tec tors .  A  Gerholm lens  and a  mini-orange spectrometer a re  a l s o  a v a i l a b l e  

f o r  on - l i ne  use. 

Under cons t ruc t i on  i s  a  p o s i t r o n  spectrometer wl-,ich w i l l  a l l ow  the set -  

t i n g  o f  a  t r i p l e  gate:  two a n n i h i l a t i o n  photons p lus  a  gama-ray.  Also 

under development i s  an on - l i ne  angular c o r r e l a t i o n  s t a t i o n .  The s t a t i o n  

i t s e l f  has been constructed, bu t  t he  e l e c t r o n i c  hardware and system so f t -  

ware have n o t  y e t  been obtained. 



The pr imary UNISOR da ta -acqu i s i t i on  system1' i s  a  T P - 5 ~ 0 0 ' ~  system based 

on a  POP-1 1  computer i n t e r f a c e d  t o  a  Tennelec PACE ana log- to-d ig i  t a l  conver- 

t e r .  Per iphera ls  which a re  i n t e r f a c e d  t o  t he  computer i nc lude  two magnetic- 

tape d r i ves ,  a  1 .2-mi l l ion-word d i s k ,  an osc i l l oscope  and l i g h t  pen, a  t e l e -  

type, a  l i n e  p r i n t e r ,  and a  c o n t r o l  panel .  An a d d i t i o n a l  45 thousand hords 

of extended memory has been added t o  t h e  standard 28-thousand-word core.  

The present  system permi ts  the  simultaneous a c q u i s i t i o n  o f  da ta  from 

f o u r  detec tors  i n  a  spectrum m u l t i s c a l i n g  mode. These spect ra  a re  acqu i red 

i n  core, s to red  on d i sk ,  and r e c a l l e d  i n t o  core  du r i ng  t h e  nex t  cyc le .  A t  

the  same time, data f rom two 3-parameter experiments can be acquired i n  l i s t  

mode on magnetic ta?e. 

The da ta -acqu i s i t i on  sequence i s  s e t  by means o f  a  program w r i t t e n  i n  a  

s imple language, T I L . ' ~  I n  add i t i on ,  T IL  can access i n p u t  and ou tpu t  s i gna l s  

a t  t he  con t ro l  panel, so t h a t  ex terna l  devices (e.g., separator beam switch,  

tape t ranspo r t  con t ro l ,  c y c l o t r o n  beam s top)  can be c o n t r o l l e d  by means of 

the  same program. 

A second da ta -acqu i s i t i on  system has j u s t  been obtained. It i s  v e r j  

s i m i l a r  t o  t he  above system, l a c k i n g  o n l y  t he  extended memory and l i n e  

p r i n t e r .  It, however, uses Wilk inson-type ADC's r a t h e r  than the PACE sys- 

tem. 

Two o ther ,  smal le r  "analyzers",  one o f  which can be programmed, a re  a t  

the  UNISOR f a c i l i t y .  I n  add i t i on ,  f o u r  systems a t  ORIC are  u s u a l l y  a v a i l a b l e  

f o r  a  run. These i nc lude  another TP-5000 system, two l a r g e r  computers w i t h  

i n t e r f a c e d  PACE ADC's and a  small pu lse-he ight  analyzer.  



111. Some Resul ts 

I n  t h i s  sec t ion ,  some o f  the  s c i e n t i f i c  r e s u l t s  obtained a t  t he  UNISOR 

f a c i l i t y  a re  presented as examples of t he  k i n d  o f  i n fo rma t i on  t h a t  can be 

obta ined a t  an ISOL f a c i l i t y .  I n  many cases, i t  i s  the  systemat ic behavior 

of nuc lear  p rope r t i es  over t he  range of several  nuc le i  which can l ead  t o  the  

development o f  new i n s i g h t s  o r  t o  t he  choice o f  a  p a r t i c u l a r  model as the  

most appropr ia te 'one t o  descr ibe the  region.. An ISOL system i s  nea r l y  i d e a l  

i n  t h a t  several  species can be s tud ied simultaneously and v i r t u a l l y  f r e e  o f  

contaminat ion.  Furthermore, l e v e l s  a re  o f t e n  populated i n  rad ioac t i ve  decay 

which a re  no t  contained i n  t he  y r a s t  band seen i n  in-beam spectroscopy, and 

which can be c r u c i a l  t o  t he  i n t e r p r e t a t i o n  o f  t he  nuc lear  s t r u c t u r e  e f f e c t s .  

I n  t he  even-mass, n e u t r r ~ n - d e f i c i e n t  Hg isotopes, in-beam s tud ies  14-16 

revealed an apparent sudden s h i f t  i n  t he  y r a s t  s ta tes  f rom spher ica l  o r  

near ly -spher ica l  l e v e l s  t o  ones having,a l a r g e  deformat ion.  UNISOR i n v e s t i -  

g a t i o n ~ ~ ~ ' ~ ~  have revealed several  a d d i t i o n a l  l e v e l s  i n  1 8 4 3 1 8 6 y  188Hg, 

F ig .  7. These l e v e l s  and t h e i r  r e l a t i v e  t r a n s i t i o n  p r o b a b i l i t i e s  c l e a r l y  

demonstrate t he  ex is tence o f  two.wel1-def ined bands, one b u i l t  on t he  

t 
near ly -spher ica l ,  t he  o the r  on an e x c i t e d  0 s ta te .  These r e s u l t s  conf i rm, 

t o  some ex tent ,  t he  p red i c t i on1g  t h a t  the  potent ia l -energy  surface f o r  these 

Hg iso topes should have a  double w e l l ,  the  lower l y i n g  one y i e l d i n g  a  

s l i g h t l y  ob la te  shape and the  o the r  minimum corresponding t o  a  we l l - de f i ned  

p r o l a t e  shape. Also conf i rmed was the  p r e d i c t i o n  t h a t  the  second ( p r o l a t e )  

minimum should become deeper f o r  t he  l i g h t e r  isotopes, i.e. t h a t  the  0' 

deformed bandhead should drop i n  energy. 

Another case i n  which rad ioact ive-decay data has been impor tant  i n  t he  

i n t e r p r e t a t i o n  o f  nuc lear  s t r u c t u r e  i s  i n  t he  case of the  odd-mass Au 



i so topes.  Two we l l - de f i ned  bands ," Figs .  8 and 9, based En the dgZ and 

hllI2 pro ton o r b i t a ; ~  p e r s i s t  through 189-195Au. The members o f  the  pos i -  

t i v e  p a r i t y  band are  nea r l y  independent o f  neutron-number and suggest, even 

though t h e i r  spacinas do no t  f o l l o w  the  J (J t1 :  r u l e ,  a ve ry  s t a b l e  c o l l e c -  

t i v e  mode o f  e x c i t a t i o n .  The sp in  sequence i r  t he  hllIz band o f  of 9 5 A ~  has 

been i n te rp re tedz1  as a r i s i n g  from a r c ta t i on -a1  igned coup1 i n g  o f  t he  odd 

pro ton t o  an o b l a t e  core.  Furthermore, t he  o rde r i ng  o f  the  912- and 13/2- 

members requ i red  the i nco rpo ra t i on  o f  a t r i a x i a l  degree o f  freedom.22 The 

s ta tes ,  p a r t i c u l a r l y  the  low-sp in  ones, observed a t  UNISOR from the  decay of 

both high- and low-soin Hg isomers has s i g n i f i c a n t l y  extended the  informa- 

t i o n  on the hll12 ro ta t i on -a l i gned  band s t r u c t u r e  and adds support  t o  the  

ex is tence o f  t r i a x i a l  nuc lear  shapes i n  t h i s  reg ion.  Furthermore, bands 

based on the  hgl2 o r b i t a l  have a l s o  been observed. The systemat ic behavior 

o f  these two nega t i ve -pa r i t y  bands suggests t h a t  t h e i r  s t r u c t u r e  i s  l a r g e l y  

determined by t he  even-even cores corresoonding t o  an hlIl2 h o l e  and an hglz 

p a r t i c l e .  For 189Au i n  p a r t i c u l a r ,  i t  i s  concludedz3 t h a t  t he  hllIz b a ~ d  i s  

very  w e l l  descr ibed as an hll12 ho le  coupled t~ an asymmetric p r o l a t e  lWHg 

core, and the  hgI2 band i s  an hg/z p a r t i c l e  coupled t o  an asymmetric o b l a t e  

188Pt core.  

The above two cases a re  examples o f  how UNISOR data has ab le  t o  extend 

o r  t o  demonstrate conc lus i ve l y  the  a p p l i c a b i l i t y  o f  p a r t i c u l a r  concepts s f  

nuc lear  s t r u c t u r e  i n  t h a t  reg ion.  The major p o i n t  i s  t h a t  these data c o ~ l d  

almost c e r t a i n l y  no t  have been obtained by t he  dse o f  any o the r  experimental 

technique. Several o the r  examples should be mentioned: the  d iscovery  of 

isomers i n  1859187T1, y i e l d i n g  evidence t h a t  t he  hglz i n t r u d e r  s t a t e  i s  



depar t ing  the  Z = 82 she11 ;24 the  ' f i r s t  observat ion  o f  a-decay i n  T1 i s o -  

t o p e ~ ; ~ ~  and nuclear mass d i f f e rences  from posi  tron-decay Q-val  ues. 26 I n  

some of these l a t t e r  examples, o the r  techniques had been t r i e d ,  bu t  the  

use of an ISOL system was essen t i a l .  . . 
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Figure 1. The south.annex to the ORIC building 



Figure 2.  The UNISOR integrated-target ion source 
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Figure 3. The Uh'ISOR high-temperature ion source 
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Figure 4. An on-line surface-ionizatjon source under 
development 
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Figure 5 .  Tape vacuum sea l  used for quickly removing 
samples from the co l l ec t ion  chamber 



Figure 6. The original UNISOR tape transport system 



Fievre 7. Systcmatico of the deforurd illid near- 
spherical bands in light-mass mercury isotopes 



Figure 8. Posi t ive-parity  s t a t e s  i n  odd-A gold nuc le i .  
The s t a t e s  associated with the  djI2 o r b i t a l  are  shown 
a s  l e v e l s  with heavy bars. 



Figure 9 .  Negative-parity s t a t e s  i n  odd-A gold n u c l e i  
based on the  hllLp' o r b i t a l .  The quantum number R is 
the dominant cor spin contributing t o  the s t a t e .  

. . 
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JOHN C. HILL . 

Ames Laboratory-USDOE and Department of Physics, 

Iowa State University, Ames, Iowa 50011 

ABSTRACT: A new in-beam target ion-source combination has been installed at. 

the TRISTAN isotope separator facility., Mass separated beams of 

non-gaseous -fission products are now available for study. Studies 

of levels in even-even Cd and Sn nuclei populated through the 

decay of Ag and In fission products are described, and an evalua- 

tion of possibilities for future research is made. 

1. Introduction 

The TRISTAN isotope separator facility located at the Ames Laboratory 

Research Reactor has been used for many years to study the properties of the 

fission-product nuclei Kr and Xe and their daughters. A description of the 

capabilities and accomplishments of this facility has been given by Talbert 
1 

in these proceedings. Alt:~ough a large number of comprehensive studies were 

carried out, the system was'lipited by the inability to study fission products 

other than the rare gases and their daughters. 

The above situation changed in the Summer of 1076 due to the successful 

operation of a new in-beam target ion-source combination of the type used at 

2 
the OSIRIS separator . The new ion-source allowed us to ionize and mass 

separate beams of Zn, Ga, Br, Kr, Rb, Ag, Cd, In, Sn, Sb, Te, I, Xe, and Cs. 



It will also probably be possible to separate Ge, As. Se, Sr and Ba. The new 

system was christened TRISTAN I1 and its capabilities are described in these 

proceedings wohnJ. In sections 2, 3, and 4, results from the first year 

of operation of TRISTAN I1 are described, and in secti.>n 5 a discussion of 

the future possibilities for nuclear structure research is given. 

2. Survey Results for Non-Gaseous Fission Products 

Soon after the successful installation of the new ion-source a 471 

survey of fission-product activity as a function of mass number was carried 

out. (The results of the survey are shown in Fig. 1.) The details of this 

measurement are described by wohn3 but it is useful here to discuss some of 

the principal features. The small peak near mass 78 represents production 

from our ion source of beams of Zn and Ga fissi~n products. A y ray survey 

run was made at mass 78 using a 15% efficient G=(Li) detector. The A=78 beam 

was collected on the tape of the moving tape collector (MTC). The tape ?as 

moved every 3 sec. to enhance the short-livcd "z~(T~/~ = 1.5 sec.) and 

78~a(~112 = 5 sec.) activities. A spectrum accumulated in a 15 min. run is 

shown in Fig. 2. It is evident from the figure that sufficient activity is 

available to carry out detailed spectroscopic studies on the above activities 

and that holdup times in the ion source for Zn and Ga are short. 

A y ray survey run was also made at A = 86 to determine the availability 

of Br activities from TRISTAN 11. The A = 86 beam was collected on the tape 

of the MTC and counting was done in equilibrium since the 86Kr daughter of 

86~r(~112 = 55 sec.) is stable. A spectrum accumulated in a 20 min. run is 

shown in Fig. 3. Yields of Br isotopes sppear to be sufficient for decay 

studies. 



The peak in the 4n survey at about A = 90 results from the high yields 

out of our ion source of Kr and Rb. Studies of Kr and Xe fission products 

have been carried out in'great detail at TRISTAN I and studies of Rb and Cs 

are being made at several different ISOL facilities using surface-ionization 

ion sources, therefore the smphasis in the TRISTAN I1 program should not be 

on these elements. Nevertheless a y ray survey was uade at A = 96. Large 

quantities of 96~b(~112 = 0.2 sec.) were observed indicating an extremely 

short holdup time for Rb in our ion source. The deep valley in our 48  yield 

curve running from A = 98 to A = 111 is caused by the onset in the periodic 

table of a series of refractory elements ranging from Y(Z=39) to Pd(Z=46). 

These elements are not volatized in our ion source but can be studied in 

systems4 like LOHENGRIN and JOSEF where the fission fragments are directly 

mass analyzed. 

A very important plateau in the 4n yield- curve occurs between A = 114 

and A = 129. This plateau results from high yields of Ag, Cd;and In fission 

products from our ion source. Spectroscopic studres at TRISTAN I1 2n the 

first year have concentrated on decay characteristics of even A nuclei in 

this region. Representative y spectra obtained during studies of- the decay 

of '18~g and '**~g are presented in section 3. A y spectrum obtained at A = 

126 is shown in Fig. 4. The tape on the moving tape collector was moved 

126 every 5 sec. to enhance activities from Cd(TlI2 = 0.5 sec) and 126~n(~ 
1/2 

= 1.6 sec). Yields of Ag, Cd, and In fission products .are sufficient for . 

detailed spectroscopic stuiies of nuclei even though these elements are in 

the valley of the fission mass-yield curve. Also successful studies of 

120 
short-lived isotopes such as 126 

Ag(TlIZ = 0.3 sec.), Cd(TlI2 = 0.5 sec.), 



128 
and In (TlI2 = 0.8 sec.) indicates that the holdup time for these elements 

in the TRISTAN I1 ion source is quite short. 

The second major peak in the 4n mass yield curve starts at about A = 130 

and continues to about A = 144. The fissi~n products I, Xe, and Cs are the 

major contributors to this peak but significant quantities of Sn, Sb, and Te 

are also produced. A 15 min. y spectrum at A = 130 take2 ur-der equilibrium 

conditions at our MTC is shown in Fig. 5. Peaks from y rays emitted in the 

130 130 * 
decay of 130~n(~lli = 3.7 rnin.), Sb(TlI2 = 37 rnin.), and Sb (TlI2 = 6.6 

rnin.) are clearly evident. In Fig. 6 a 15 min. y spectrum taken in equilib- 

rium at A = 134 is presented. Most of the y strength is from the decay of 

134 1(TlI2 = 53 rnin.) but significant activity from 134~e(~1,1 = 42 rnin.) is 

also observed. It is evident from Fig. 6 that large yields of I are produced 

from the TRISTAN I1 ion source. Although neutron-rich I isotopes have teen 

observed up to 14'1, no structure information is available from I decays on 

5 
mass numbers greater than 136 except for a recent study cf 138~ decay . 
This area is certainly appropriate for future studies. Fig. 5 and Fig. 6 

illustrate the production of Sn, Sb, Te, and I at TRISTAN I1 but holdup times 

in our ion source for elements like Sn, Sb, and Te may be somewhat longer 

than for elements like Ag, Cd, and In. Future surveys will be needed to 

study this problem. If detailed decay studies of short-lived Sn, Sb, and Te 

can be carried out, much new information on the very interesting region near 

doubly-magic 132~n can be obtained. . 

3. Studies of Neutron-Rich Even-Even Cd Nuclei 

Soon after the successful operation of the in-beam ion source a series 

of experiments was started with the object of studying the detailed level 



s t r u c t u r e s  of neutron-rich even-even.Cd n u c l e i  populated i n  t h e  B decay of Ag 

f i s s i o n  products.  E a r l i e r  i n  t h i s  paper,  we pointed ou t  t h a t  t he  y i e l d  of Ag 

from our  i on  source  was high even though Ag is a t  t h e  bottom of t he  v a l l e y  of 

t h e  f i s s i o n  mass-yield curve. Also the  holdup time for .Ag i n  our i on  source 

was seen t o  be s h o r t  a s  evidenced by observat ion  i n  good y i e l d s  of t he  shor t -  

l i v e d  isomer of 120 
Ag(TlI2 = 0.3 s e c . ) ,  thus  i t  was poss ib l e  t o  observe Ag 

n u c l e i  ou t  t o  1 2 2 ~ g .  S tud ie s  of t he  decays of 118~g and 1 2 0 ~ g  a r e  i n  prog- 

8 ress6"' and work on 1 2 2 ~ g  hs s  been completed . 

Cd n u c l e i  conta in  48 protons which is  only two l e s s  than the  Z = 50 

c losed s h e l l .  It was thus  thought t h a t  t he  low-lying e x c i t a t i o n s  of even- 

even Cd n u c l e i  could be descr ibed i n  terms of simple c o l l e c t i v e  v ib ra t ions .  

Models of t h i s  type were unable t o  desc r ibe  l e v e l s  i n  even-even Pd(Z=46) 

nuc le i .  Hsue e t  a l e 9  developed a ro t a t i on -v ib ra t ion  c o l l e c t i v e  model which 

c o r r e c t l y  predic ted  l e v e l  order ing ind  B(E2)'s f o r  lD6pd below 2.5 MeV. Hsu 

e t  a l .1°  have extended t h i s  model t o  a l l  even-even Pd nuc le i  from lo2pd t o  

'14pd. 

It is  of i n t e r e s t  t o  determine i f  t he  above model can be extended t o  

desc r ibe  even-even.Cd nuc le i .  We the re fo re  undertook a s e r i e s  of de t a i l ed  

decay s t u d i e s  of Ag f i s s i o n  products i n  order  t o  extend t h e  sys temat ics  of 

even-even Cd n u c l e i  ou t  t o  A = 122. We r epor t  below on r e s u l t s  of s t u d i e s  of 

the  decay of 118 118 * Ag(TlI2 = 3.8 s e e . ) ,  Ag (TlI2 = 2.0 s e c . ) ,  and 122~g(~112  

= 0.48 s e c . ) .  S tud ie s  of 120~g(~112  = 1.2  see . )  and 
120 Ag * (TlI2 = 0.3 sec . )  

a r e  a l s o  i n  progress .  Elsewhere i n  t hese  proceedings,  ~ i l l i a m s ' l  d.iscusses 

t h e  r e s u l t s  of h i s  model c a l c u l a t i o n s  i n  r e l a t i o n  t o  our l e v e l  information on 

Cd nuc le i .  



3.1. Decay of ll8Ag to Levels in. '18cd 

The existence of ll8Ag was first confirmed by Fritze and ~riffiths'~ 

235" duringa search for new fission products from . A TlI2 of 5 sec. was 

reported. No infomation on levels in '18cd was available until the work of 

Fogelberg et al.13 who observed two isomers of '18Ag with T~,,~'S of 2.8 i 0.2 

and 3.7 i 0.2 sec. respectively. Eight y transitions were placed in a level 

scheme consisting of seven excited levels. 

In what follows we will describe in soine detail the neasurements and 

results obtained in the study of ll8Ag deer,. This study is a good example 

of how the TRISTAN I1 facility can be used to obtain detailed spectroscopic 

information on short-lived non-gaseous fission products. Results from y 

singles, yy-coincidence, and y multispectrum sczling are described below. 

A 30 hour '18Ag y singles measurement was uiade using a 15% efficient 

Ge(Li) detector and a LEPS detector whicti accumdzted spectra in the energy 

ranges of 0-4 MeV and 11-400 keV respectively. The activity was collected on 

the tape of the MTC system. The tape was moved every 6 sec. to minimize 

activity from the Cd and In daughters. A separaLe spectrum was taken to 

enhance Cd and In. The activity was accumulated for 120 sec. but before 

counting a 30 sec. delay was introduced to eliminate 118~g activity. The 

l18~g singles spectrum from 70 to 3400 keF is shown in Fig., 7 and the LEPS 

spectrum from 0 to 300 keV is shown in Fig. E .  A total of 53 '18Ag y rays 

were observed. 

The TlI2's of both ll8Ag isomers were measured by y multispectral scal- 

ing. A total of 16 time bins 'each containing 1024 channels of information 

were used. The resulting decay curves are shown in Fig. 9. The TlI2 of the 

'18Ag ground state was determined to be 3.76 + 0.15 sec. from the decay of 



the 488-keV y ray and the TlJ2 of the ll8*g isomeric state was deterniined to 

be 2.0 + 0.2 sec. from the decay of the isomeric y rap at 128 keV. The 

isomeric state TlJ2 is considerably less than the value of 2.8 t 0.2 sec. 

obtained by Fogelberg et al. 13 

Two Ge(Li) detectors of about 15% efficiency were used in 180' geometry 

for a 17-hour yy coincidence study. The data was stored event-by-event in a 

4K by 4K array for later conputer sorting. Typical y spectra in coincidence 

with the 488- and 2778-keV -( rays are shown in Fig. 10. 

The results of the 'singles and coincidence measurements were used to 

construct a level scheme for '18cd which is shown.in Fig. 11. Of the 53 y 

rays observed 38 were placed depopulating levels in ll'cd up to 3382 keV.. 1t 

is difficult to determine the 8 feedings from each of the two 118~g isomers 

due to the similarity of their T1,21~, but work on this is in progress. 
. . 

Until this is completed it is risky to assign spins to the higher lying 

levels in '18cd. It is clear though that levels like the one at 2788 keV 

which decays directly to the ground state is fed primarily by the low-spin 

ground-state isomer of l1'~g while the level at 1936 keV which decays only to 

+ 
the 4 level at 1165 keV is fed primarily by the high-spin excited-state 

isomer of 118~g. ' Interpretation of the '18cd levei scheme in terms of a 

cotation-vibration collective model is given elsewhere in these proceedings 

by ~illiams." The preliminary results .from this work are compared with 

those from the'OSIRIS experiment13 in Fig. 1P. 

3.2. Decay of 122~g to Le-lels in lZ2cd 

lZ2cd is the most neutron-rich nucleus of Cd about which level informa- 

tion exists. 122~g was first reported by Fogelberg et a1.13 qn the basis of 



122 measurements made a? the OSIRIS separator at Szudsvik. The Ag TlI2 was 

measured to be 1.5 f 0.5 sec. and only cwo y rays at 570 and 760 keV were . 

observed. Their intensities were not given. ?he decay study of 122~g vas 

the first one to be completed with the TRISTAN I1 facility and the results 

are discussed below. 

A y singles run was made in which activity was collected on the tape of 

our MTC system. The tape was moved every 3 sec. to minimize activity from 

the 122~d and 122~n daughters. The run time was 12 hours and both Ge(Li) and 

LEPS detectors were used. The spectrum frcm 70 to 1450 keV is shown in Fig. 

13. Six y rays were observed from lZ2~g decay. Tt is interesting to note 

118 
that the intensity of the 122~g y rays is weak compared to those from Ag. 

This is due to a combination of the shorter TlI2 and lower fission yield of 

122 
Ag - 
The Tl12 was determined as for l181g by y nultispectral scaling. Txe 

decay curve for the 569-keV y ray is sho~m in Fig. 14. The value obtained 

122 for the Ag TlI2 was 0.48 f 0.08 sec. which is much smaller than the value 
13 

of 1.5 + 0.5 sec. obtained at OSIRIS. A yy-coincidence measurement was also 

made. Definite coincidences were observed in four Y ray gates. Representa- 

tive coincidence spectra in coincidence with the 569- and 760-keV y rays are 

shown in Fig. 15. 

The above results were used to construct a decay scheme for 122~g which 

is shown in Fig. 16. The first excited state at 569 keV is probably 2' ss is 

+ 
the case for all even-even Cd nuclei. The level at 1368 keV is also 2 since 

it decays to both the ground and first excited states. The 1329-keV level 

n + 
was assigned a J of'& due to the strength of 'the 760-LeV transition and the 

+ 
fact that the 4 is lower in energy than the 2' member of the vibrational 



triplet for ll8Ag and 120~g. The log ft's of 5.3 and 5.8 for B feedings to 

the 569- and 1329-keV levels respectively limit the Jr for the 122~g ground 

+ 
state to 3 . A survey of the available shell model orbitals indicates that 

the configuration for the lZ2Ag ground state is probably ~(gg12)~(d312). We 

+ 
favoF a J' of 3 or 4' for the 1979-keV level on the basis of its log ft of 

5.3 and the absence of a y transition to either of the 2' states. 

Measurements on the decay of 120Ag (TlI2 = 1.2 sec.) and 120 * 
Ag = 

0.3 sec.) to levels in 120cd have been completed at TRISTAN I1 and analysis 

of the data is in progress. Of a total of 65 y rays observed, 37 have been 

placed in a preliminary level scheme consisting of levels up to 3559 keV. 

The details of this study will not be presented here, but our results for 

low-lying levels in 120cd will be used in the discussion of the systematics 

of even-even neutron-rich CC nuclei that follows. 

3.3 Systematics for Even-Even Cd Nuclei 

The systematics for the low-lying levels in even-even Cd nuclei are 

given in Fig. 17. The level energies for ll8cd, 120cd, and 122~d are those 

measured at TRISTAN 11. Several features are of interest. The first excited 

+ 
2 state (one phonon quadrupole state in the vibrational model) is fairly 

constant in energy but reaches a minimum at A = 118. The rise in energy is 

+ 
quite symmetric on each side of A = 118. One might expect the 2 state to 

have its lowest energy at A = 114 midway between the N = 50 and N = 82 closed 

shells where the nucleus might be expected to be the softest. The first 

+ 
excited 4 state (member of the two phonon vibrational triplet) is typically 

+ 
a little more than twice the energy of the one phonon 2 state. The behavior 

+ 
of the 4 state with neutron number is remarkably similiar to that of the'one 



phonon state with a energy minimum at A = 118. The behavic,r of the second 

+ 
excited 2 state (2' member of the two phonon vibrational triplet) is quite 

different. Its energy is about twice t h a ~  of the one phoncn state but its 

energy minimum is at A = 114 (mid-shell). In the rotational-vibrational 

model of ~illiams" the energy of this state is largely determined by the 

asymmetry parameter. The minimum at mid-shell is consistent with maxinal 

collective motion near mid-shell. 

Our preliminary results on levels in '18cd are in good agreement with 

the rotational-vibrational model1' but this model is unable to account 

correctly for the energy and y branching of the level in 122~d (see Fig. 16) 

at 1979 keV. This breakdown in the rotat5onal-vibrational model may be due 

to the neglect of the single-particle character of the 122~d nucleus. This 

is not surprising since Cd (Z = 48) is only two protons ,away from the .Z = 50 

closed shell. Also as we add neutron pairs we are approaching the N = 82 

closed shell. 

4. .Studies in the Tin Region at TRISTAN I1 

The Sn(Z = 50) nuclei have been subjectea to intensive study for many 

years due to the f+ct that they contain a magic number of protons. In spite 

of this our knowledge of the structure of the neutron-rich Sn nuclei with 

A = 126 and above is very incomplete. Almost all of the knowledge that does 

exist comes from work done at the OSIRIS separator.14 The structure of Sn 

nuclei between A = 126 and 132 is also of great interest in determining to 

what degree the magic numbers Z = 50 and N = 82 are sail1 magic far to the 

neutron-rich side of stability (132~n region). We report below on decay 

studies15-l7 of 126~d, 126~n, and 128~n. 



4.1. Structure of 126~n and 128~n from the Decay of In Fission Products 

One of the principal objectives of the TRISTAN I1 program was to extend 

the systematics of even-even Sn nuclides toward doubly-magic neutron-rich 

132~n. We therefore undert~ok a detailed decay study of 126~n and 128~n. 

Some information on the decay of 126~n and 128~n has been obtained at the 

OSIRIS separator. 14 

In the study of lr61n decay a of 1.6 + 0.2 sec was obtained by I 

multispectral scaling. Of $2 y rays associated with the decay of 12%n, 35 

were placed in a preliminary 126~n level scheme which is shown in Fig. 18. 

Levels also seen at OSIRIS are indicated by an asterisk. In the study of the 

A = 128 decay chain several different T1,21~ were observed. Their relation- 

ship is not completely clear but an activity with a half-life of 7.1 sec. is 

associated with the decay of the 7- isome,ric state in 128~i at 2091 keV and 

an activity with a half-life of 0.83 sec. is associated with 128~n decay. A 

total of 50 y rays have bee3 placed in a preliminary 128~n level scheme which 

is shown in Fig. 19. In th= work at OSIRIS only the excited states at 1169, 

2001, 2092, and 2121 keV were observed. 

Systematics for even-even neutron-rich Sn nuclides are given in Fig. 20. 

Although our results are more detailed than those from Ref. 14 our analysis 

is not comple;e and J~'S have not been assigned for the new levels. ,Several 

systematic features of the levels are worthy of.note. First the first- 

+ 
excited 2 level rises slowly as N = 82 is approached. This is consistent 

with the idea that the.nuclsus becomes more tightly bound as the neutron 

+ - 
number nears 82. In contrast to this the 4 , 5 , and 7- levels decrease in 

energy as N = 82 is approached. This feature is not well understood, but a 



similiar effect5 has been noted for low-lying levels in the even-even W = 82 

nuclides. 

4.2. The Decay of 126~d 

We report here the first decay scheme for 126~d. This very neutron-rich 

nucleus has been observed2 at the OSIRIS separator but 30 decay scheme was 

given. In a survey of A = 126 activity at TRISTAN I1 several y rays belong- 

ing to lZ6cd were observed. A y multispectral scaling .measurement ,was 
' 

made and the TlI2 of 0.51 t 0.01 see. for 126~d was ibtained from the 260- , 

and 428-keV y rays. The 126~d decay curve i ~ . ~ i v e n  in Fig. 21. . 

Singles spectza at A = 126 were taken in which the tape of the MTC was 

moved every 2 sec. in order to minimize aciivities frbm longer lived 126~n. 

The resulting speccrum was shown in Fig. 4. X total of 9 y rays were placed 

in a preliminary 126~d decay scheme which is shown in Fig. 22. No discussion 

of odd-odd In systematics is possible since practically no information on 

levels in other In nuclei in this rggiqn is available. Such nuclei are 

interesting since their low-lying levels should be describ~ble in terms of 

one proton hole in the Z = 50 closed shell coupling with an odd neutron 

between N = 50 and N = 82. 

5. Possibilities for Future Studies at TSISTXN I1 

During the first year of operation spectroscopic studies at TRSITAN I1 

have concentrated on even A nuclei in the region just below singly-magic Sn. 

There are several other regions of great interest which can be studied with 

our present system. A discussion of future possiblities follows. 



5.1. The Region Near Doubly-Magic 78~i 

It is of interest to determine if the magic numbers near stability 

.emain magic far from stability. The. doubly-magic nucleus 78~i is probably 

too far from stability to enable a study of its properties using a fission 

source. Nevertheless the region just above it in the nuclide chart is 

accessible to study at TRISTPN 11. This is possible due to the good yields 

and short holdup times for Zn and Ga in our ion source as can be seen from 

the 4* fission product yield curve in Fig. 1 and the A = 78 y spectrum in 

Fig. 2. In particular it should be possible to study a number of N = 50 

nuclei just above 78~i. 

The nuclide chart for N = 50 just above doubly-magic 78~i is shown in 

Fig. 23. It should be possible to determine the structure of the N = 50 

78 nuclei starting .from 81~a(78ni core + 3 protons) up to 85~r( Ni core + 7 pro- 
3 tons). Wohn in these proceedings has shown that yields of 82~a, 83~e, 84~s 

and 85~e should be large enough for decay studies. The yield of 81~n is 

quite low but with increased neutron fluxes it should be sufficient for decay 

studies if its TlI2 is not too short. Identification of one-quasiparticle 

states in 81~a, 83~s, and 853r and location of the core breaking states in 

8 2 ~ e  and 84~e would be of great help in determining the degree to which 78~i 

is doubly-magic. 

Preliminary studies of 3e nuclei in this region are in progress at 

TRISTAN 11. Some data has been obtained18 on the decay of 78~a(~1,2 - 5  sec.). 

Systematics for low-lying levels in'even-even Ge nuclides is given in Fig. 24. 

The results shown for A = 78 are from.our work. These nuclei are unusual in 

+ 
that the 0 level lies very low and is the first excited state in 72~e. One . 

might expect that as the neutron number approaches the magic number 50 the 



+ 
nucleus would become more tightly bound and the first excited 2 state would 

rise in energy. This is first noted in Ge in going from A = 76 to A = 78. 

Also one would expect the Ge nucleus to.become more like a cuadrupole vibrato] 

as N = 50 is approached. Estimate of the yield3 for Ga isotopes indicaces 

that it should be possible to study the structure of Ge nuclides out to 

singly magic 82~e. 

5.2 The Doubly-Magic 132~n Region 

The region around neutron-rich 132~n is of great interes; since it is 

the most accessible doubly-magic region that is far from stability. Most of 

our knowledge of nuclei very close to 132~n has come from experiments carried 

out at the OSIRIS separator. A good set of references on that work is given 

by ~udstam.~ The status of our knowledge of nuclei consisthg of a 132~n 

core plus one or two particles or holes is given in Fiz. 25. We have indi- 

cated the level structure of these nuclei as determined by B decay experiments 

and also the TlI2's of their parents if known. 

It is of great interest to determine to wt.at degree the nucleus 13'Sn 

is doubly-magic. In particular the location and character of the core ex- 

cited states in the nuclei in Fig. 25 would shed much light on this question. 

The only core states known from B decay are the two in 132~n. Due to the 

large QB1s available it should be possible to excite core states in 1 3 2 ~ ~  

(core), 133~b (core + prokon), and l3'Sn (core + neutron hole) if detailed 
decay studies with very good statistics are carried out. Most of the core 

states are probably above 3 MeV so their corresponding B feedings would be 

weak. Another indication of the degree to which a region is doubly-magic is 

the accuracy with which shell model calculations involving only extra-core 



particles can describe levels up to several MeV. Two, three, and four 

valence nuclei such as lZ8sn, lZ9sn, 130sn, 134~e, 135~, and 13%e are good 

test nuclei19 for this purpose. 136~e has been studied at. TRISTAN I and 

preliminary results on lZ8sn are given above. With TRSITAN I1 it should be 

possible to study in some detail levels in lZ9sn, 130sn, 131sn, 132~n, 133~b, . . . . 

134ie, and 135~. The decay df 132~n t6 levels in 132~b is well characterized. 

Study of levels in 134~b from the decay of 134~n should be possible if the 

holdup time for Sn .in the ion source is not too long. Because of low yields 

studies of levels in 1301n, 13'1n, 13'1n and 130cd are probably not feasible 

with fission sources. 
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Figure 1. Mass scan of fission-prodcct activity obtained 
with 477% counting at TRISTAN 11. The mass distribution 
for thermal neutron fission of 2 3 5 ~  is included for 
reference. 
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Figure 2 .  Gama:spectrum from-survey run a t  A = 78. Run 
time was 15 min. 
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Figure 3 .  Gamma spectrum from survey run a t  A - 86. Run 
time was 20 min. 
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Figure 4. ;;amma spectrum obtained in study of 1 2 6 ~ d  and 
1261n decay. Run time was 20 hours. 
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Figure 5. Gamma spectrum from survey run at A = 130. Run 
time was 15 min. 
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Figure 6. Gamma spectrum from survey run at A = . 1 3 4 .  Run 
time was 15 min. 
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Figure 7. -Gamma spectrum for l l * ~ g  decay between 70 and 
3400 keV. 
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Figure 8'. LE?S spect.rum .for l l8dg  decay between .O and 300 keV. 
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Figure 9.  Decay curves for the decay of 118~g isomers. 



CHANNEL NO. 

Figure 10. Gamma spectra in coincidence with the (a) 488- 
and (b) 2778-keV y rays from 118~g decay. 
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Figure 11. Decay scheme for Ag. 



Figure 12. Comparison of the results from this work with 
those from Ref. 13. 
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Figure 13. Gamma spectrum for 1 2 2 ~ g  decay between 70 
and 1450 keV. 

122 
Figure 14. Decay curve for the decay of Ag. 
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Figure 15 .  Gamma spectra in  coincidence with the .(a) 
569- and (b) 760-keV y rays from 1 2 2 ~ g  decay. 

Figure 1 6 .  Decay sch.erne for 



Figure 17. Systematics of low-lying l e v e l s  i n  even-even 
Cd nuc le i .  

Figure 18. Level sc5eme for lZ6.5n. 
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Figire 19.  Level scheme for lZ8sn. 



Figure 20. Systematics for neutron-rich even-even Sn 
nuclei .  Levels from Ref. 14 except for A = 126 and 
128 where our resu l t s  are given. 

Figure 21. Decay cur-~e for the decay of 1 2 6 ~ d .  
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Figcre 22.  Decay scheme for  lZ6cd .  

Figure 23; The N - 50 l i n e  on the nucl ide chart above 
doubly-magic 7 8 ~ i .  



Figure 24. Systematics for even-cven Ge nuc le i .  

Figure 25. The nucl ide chart near dcubly-magic 13 '~n .  
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I. INTRODUCTIOY 

As a preludeat0 a discussion of nuclear shell theory with a concentre- 

tion on the 132~n region, I wish to outline a droader 'picture of the 

theoretical motivation and interest in results that are acpuired with isotope 

separators. Several areas have already been discussed by other speakers at 

this workshop and I wculd just like to add a few more to that growing lisr. 

Certainly one of the most exciting aspects of the results obtainable 

with isotope separators is their ability to open up entire new regions of the 

periodic table for theoretical study. Especially important are regions where 

one can possibly discover new collective phenomena. One could speculate, for 

example, the possibility of having strong proton-proton pairing and/or strong 

neutron-proton pairing. The latter is not realized in the conventional regions 

of the periodic table as far as I know. 

We know also that the very unstable nuclei would provide a critical 

testing ground for our ability to make mass predictions 

Thirdly, one is very interested in the possibility of the results of 

isotope separators opening up other doubly-magic regions, specifically, that 

of 78~i, 100~n, as well as the one that will .be described in .this talk. 

There is considerable theoretical interest ia measurements of the moments 

of nuclear ground state and isomeric state density distributions as a function 

of neutron and proton number. Such measurements using tunable dye lasers 

were described in the talk by George Greenlees. 1 

Newest on my list is the topic of testing theories of statistical 

behavior or nuclear level densities. I learned in the talk given by Stan 

prussinL of their very recent level density measurements through delayed 



neutron s p e c t r a .  I am p a r t i c u l a r l y  exc i t ed  by the  p o s s i b i l i t y  of measuring 

l e v e l  d e n s i t i e s  a s  a  funct ion  of angular  momentum, a n d ' 1  w i l l  r e l a t e  t h i s  t o  

some of our r ecen t  t h e o r e t i c a l  work l a t e r  i n  t h i s  t a l k .  . 

Let me now concentra te  on my c e n t r a l  theme,namely, r e a l i s t i c  nuclear 

s h e l l  theory .  A long s tanding goal  of nuclear  theory has 'been t o  de r ive  the  

s h e l l  p rope r t i e s  of nuc l e i  from two fundamental i n p u t s ;  n o n r e l a t i v i s t i c  many- 

body quantum mechanics an6 a  b a s i c  nucleon-nucleon in t , e r ac t ion .  ,We a r e  

w i l l i n g  t o  assume t h a t  only nucleon v a r i a b l e s  a r e  necessary and t h a t  one can 

work with n o n - r e l a t i v i s t i c  quantum mechanics t o  de r ive  both a f i n i t e  dynamical 

framework (many-body theory) and the  proper a s soc i a t ed  Hamiltonian. This 

t h e o r e t i c a l  problem i s  offundamental  s i g n i f i c a n c e  s i n c e  i t  i s  based on what 

we would consider  t o  be  f i r s t  p r i n c i p l e s  



11. REALISTIC NUCLEAR SHELL THEORY 

I s h a l l  d iv ide  my remarks he re  i n t o  two s e c t i o n s .  The f i r s t  o u t l i n e s  

the  fundamental problem and the  second p re sen t s  a b r i e f  h i s t o r i c a l  review. 

A .  The Fundamental Problem 

In  the  i n t e r e s t  of a t tempt ing t o  update t he  terminology of t he  r e a l i s t i c  

nuclear s h e l l  theory t o  i nco rpo ra t e  language of wider u lders tanding t o  mny-  

body t h e o r i s t s ,  I would l i k e  t o  pose t h e  s h e l l  model problem i n  t h e  context  

of renormal iza t ion  theory .  

Bas i ca l ly  nuclear  s h e l l  theory encounters two i n f i n i t e s .  The f i r s t  i s  

t h a t  of t h e  i n f i n i t e  dimensional H i lbe r t  space  and t h e  second i s  t h a t  of t he  

s i n g u l a r i t y  of r e a l i s t i c  nucleon-nucleon i n t e r a c t i o n s .  Each may be t r e a t e d  

by renormal iza t ion  theory.  

The s o l u t i o n  t o  the  f i r s t  fundamental problem i s  given by renormaliza- 

t i o n  theory i n  t h e  form of t he  theory of e f f e c t i v e  ope ra to r s .  The e a r l y  work 

4 
of Bloch and tIorowitz3 and l a t e r  updated by Brandow gives  t h e  bas i c  t o o l s  of 

t h i s  renormal iza t ion  approach. We proceed i n  t he  following fashion.  F i r s t  

we de f ine  a t o t a l  Hamiltonian H - 
H = T + v = )  e l +  Z ( 1 )  

Ld t<m 
and we seek the  f u l l  s o l u t i o n s  

such t h a t  t he  Ei a r e  t h e  e igenenergies  of t he  t o t a l  Hamiltonian and t h e  Yi 

a r e  the  t o t a l  nuclear  wave func t ions .  

The program of renormal iza t ion  goes a s  fo l lows:  f i r s t  we choose a s u i t -  

a b l e  r e f e rence  Hamiltonian HO whose s o l u t i o n s  a r e  known 



then we choose a s u i t a b l e  d dimensional subspace such t h a t ,  f o r  the  index 
. . 

j = 1, ..., d,  we de f ine  a p rc j ec to r  P onto t h a t  subspase,  
d . '  

P = ~ I C ~ ~ >  < Q j  I ( 5 )  

j=1 
such t h a t  another  p r o j e c t o r  Q is  def ined v i a  

We then so lve  f o r  an  ef fec t ive .Hamil tonian  ope ra t ing  i n  the f i n i t e  model 

space; . 

such t h a t  t he  f i n i t e  wave func t ion  is  the  p ro j ec t ion  of the  t o t a l  wave 

funct ion  

and t h e  s e t  of eigenvalues obta ined a r e  a subset  of the  i n f i n i t e  s e t  of eigen- 

va lues  i n  t h e  f u l l  problem. Note t h a t  i t  i s  not  neces sa r i l y  t r u e  t h a t  t he  

n i t e  model space  problem ob ta in  t he  d lowest e igenvalues  of t he  f u l l  problem. 

s t a t e s  which a r e  a c t u a l l y  obta ined i n  t he  f i n i t e  problem must correspond 
. . 

t o  d s t a t e s  i n  t he  t o t a l  problem but  these  w i l l ,  i n  genera l ,  be t he  d s t a t e s  

whose over lap  is g r e a t e s t  with t he  d model space s t a t e s .  In  add i t i on ,  no te  

t h a t  t he  e f f e c t i v e  Hamiltonian is def ined only t o  ope ra t e  w i th in  t he  chosen 

d dimensional model space.  That is, ' 

Heff P Heff P (9) 



Furthermore i t  is convenient t o  w r i t e  the  t o t a l  Hamiltonian now a s  comprised 

of our conveniently chosen Ho and a  r e s i d u a l  p iece  c a l l  H 
1 ;  

H = (T + h)  + (V - U) 

= HO + H1 (10) 

In  t he  next  s t z g e  of developing thcs  problem i t  is worth no t ing  t h a t  

a d d i t i o n a l  s i m p l i c i t y  can be obta ined by r e s t r i c t i n g  the  number of nucleon 

degrees of freedom t h a t  we have t o  consider .  This is motivated by the  know- 

ledge  t h a t  t he re  is e x t r a  s t a b i l i t y  of c e r t a i n  con f igu ra t ion  of nucleons.  In 

p a r t i c u l a r  we a r e  r e f e r r i n g  t o  t h e  s t a b i l i t y  of semi-nugic and doubly-magic 

nuc le i .  This s imp l i c i t y  i s  achieved by formally p a r t i t i o n i n g  the  t o t a l  number 

of nucleons i n t o  a  s e t  of co re  nucleons and a  s e t  of valence nucleons.  

Nota t ional ly :  

" core  9., valence 

where 9. w i l l  r ep re sen t  t he  number of core  nucleons and 5 w i l l  represect  t h e  

number of valence nur leons .  We can then r e w r i t e  t h e  formalism i n  terms of a  

"vacuum s t a t e "  of 9. co re  nucleons which we w i l l  c a l l  1 @ 0 >  vhere:  

1 QO>=alt a 2 t  ... a  t l o > .  
kc 

(12) 

where we have invoked second quantized n o t a t i o n  t o  r e l a t e  our vacuum s t a t e  to' 

t he  abso lu t e  vacuum 10> by means of fi nucleon c r e a t i o n  ope ra to r s .  Our vacul 

s t a t e  i s  t he  lowest unperturbed s t a t e  of t he  system of tc nucleons and there- 

f o r e  s a t i s f i e s :  

H o  1 O 0 > =  € 0 1  QO> (13) 



We d iv ide  the  t o t a l  p ro j ec t ion  ope ra to r  Q i n t o  a  s e r i e s  of components 

which a r e  l a b e l l e d  by the  number o f  pa r t i c l e -ho le  e x c i t a t i o n s  of t he  core  

t h a t  a r e  involved. That i s ,  
7 

where the  double s u b s c r i p t  i n d i c a t e s  t h e  number of nucleons ou t s ide  the  core 

and the  number of holes  i n  t he  core  involved i n  the  p ro j ec t ion  ope ra t ion .  By 

r e c a s t i n g  the  o r i g i n a l  problem i n t o  t h e  pa r t i c l e -ho le  language we have pro- 

vided a  simpler r ep re sen ta t ion  f o r  t h e  poss ib l e  model space s t a t e s  which a r e  

usual ly  arranged i n  t h e  o rde r  of t h e i r  unperturbed energies  E i .  As , a  simple 

example; by an app ropr i a t e  choice  of t he  d  s t a t e s  we could t r e a t  t h e  s i t u a -  

t i o n  of a  s i n g l e  va lence  nucleon i n  one valence  nucleon s t a t e s ,  o r  we could 

expand t h e  space t o  inc luda  two valence  nucleon-one ho le  s t a t e s  a long wi th  

one valence  nucleon . s t a t e s ,  e t c .  

A l l  of the.above have been, in t roduced t o  simply de f ine  the  problem. The 

s o l u t i o n  is given by the  e f f e c t i v e  ope ra to r  formalism of  loch-Horowitz3 and 

  rand ow^ and i s  c a l l e d  the  l inked c l u s t e r  expansion (which, f o r  completeness, 

is noted to , con ta in  folded diagrams - ' a  t echn ica l  f e a t u r e  of t he  s e r i e s  which 

w i l l  no t  be d iscussed f u r t h e r  he re ) :  

Heff  ' H~ + 'eff (16) 

and V i s  gene ra l ly  c a i l e d  the  e f f e c t i v e  i n t e r a c t i o n  and Heff  ope ra t e s  i n  a  
e f f  

f i n i t e  demensional subspace of t he  e n t i r e  problem. We'note we have obtained 



a f i n i t e  space ope ra to r  by t r ad ing  i n  t he  i n f i r - i t e  dimensional H i l b e r t  space 

f o r  an i n f i n i t e  s e r i e s  which is  hopeful ly  wel l  behaved and reasonably conver- 

gent .  This formal mathematical problem i t s e l f  deserves and has received con- 

s i d e r a b l e  t h e o r e t i c a l  a t t e n t i o n .  It i s  of s p e c i a l  u t i l i t y  f o r  problems where 

the  i n t e r a c t i o n  V i s  reasonably weak. Such problems do occur ,  f o r  example, 

i n  s o l i d  s t a t e  and atomic physics .  However, t he  nuclear  s i t u a t i o n  is more 

complicated.  There i s  another  s i n g u l a r i t y  a s  uentioned above: t h e  i n f i n i t e  

(o r  n e a r - i n f i n i t e )  hard-core r epu l s ion  t h a t  i s  a t t r i b u t e d  t o  t h e  r e a l i s t i c  

nucleon-nucleon i n t e r a c t i o n .  ( I  should note  t h a t  t he  terminology " r e a l i s t i c  

nuclear  s h e l l  theory" is a sc r ibed  t o  those t h e o r e t i c a l  e f f o r t s  t h a t  employ 

such s i n g u l a r  nucleon-nucleon i n t e r a c t i o n s .  They a r e ,  f o r  t he  most p a r t ,  

be l ieved t o  be t h e  ones t h a t  a r e  r e a l i s t i c ) .  

The s o l u t i o n  of t h i s  problem is again  handled by a renormal iza t ion  

approach c a l l e d  Brueckner-Bethe-Goldstone ~ h e o r y . ~ ' ~  The main goal  is  t o  

imbed a renormalized i n t e r a c t i o n  i n t o  t he  above formalism. This is accim- 

p l i shed a s  fo l lows:  F i r s t  we d iv ide  t h e  p ro j ec t ion  ope ra to r  Q i n t o  two com- 

ponents,  one having two valence nucleon coordinates  and the  o t h e r  having a l l  

t he  remainder of t he  p r o j e c t i o n  ope ra to r  components. That i s ;  

Q = Q , + G  (17) 

from here  one develops an  e f f e c t i v e  two-par t ic le  i n t e r a c t i o n  c a l l e d  the G 

matr ix  def ined a s  follows 

which is then imbedded i n  the  f i r s t  renormal iza t ion  by means of t he  following . . 
l inked fo lded diagram expansion. 



veff  'B '3 Linked, Folded (19) 

: h i s  way the  e f f e c t i v e  i n t e r a c t i o n  opera t ing  i n  a f i n i t e  model space  has . 

been expressed e n t i r e l y  i n  terms of the  G matr ix  which is an i n t e r a c t i o n  

having we l l  behaved two-particle matr ix  elements.  
. > 

For the  sake  of drawing con tac t  wi th  convent ional  d iagramat ic  p i c t u r e s ,  

we d i sp l ay  the  f i r s t  and second o rde r  terms (negl'ecting exchange and s e l f -  

energy diagrams) f o r  t h e  case  where t he  e f f e c t i v e  i n t e r a c t i o n  i s  ope ra t ing  

between two-valence nucleons and where the  wavey l i n e s  a r e  used t o  r ep re sen t  

t he  G-matrix. 

The'second' diagram i s  t r a d i t i o n a l l y  c a l l e d  the  core-polar iza t ion  diagram. 

B. A Br ief  H i s t o r i c a l  Review of H e f f  

I would l i k e  t o  b r i e f l y  t i s c u s s  some of t he  important developments t h a t  

have occurred over the  l a s t  15  years  i n  t he  de r iva t ion  and app l i ca t ion  of t h i s  

r e a l i s t i c  nuclear  s h e l l  theory.  I s h a l l  not  a t tempt  t o  be exhaust ive  i n  t h i s  

, b r i e f  summary but t he  p a r t i c u l a r  s t e p s  i n  t he  development chosen f o r  emphasis 

those which w i l l  he lp  understand the  r e s u l t s  descr ibed i n  t he  remainder 

ur che t a l k  a s  we l l  a s  t he  concentra t ion  of the doubly-gic 13'sn region.  

During the  per iod from 1962 t o  1965 the re  were a number of i n i t i a l  e f f o r t s  
6 

t o  c a l c u l a t e  t he  e f f e c t i v e  Harniltonian t o  f i r s t  o rde r  in t h e  G-matrix. The 

primary c h a r a c t e r i s t i c  of these  r e s u l t s  was t h e  c o r r e c t  l e v e l  o rde r ing  of t h e  

0+, 2' and 4+ l e v e l s  i n  even-even n u c l e i  wi th  two nucleons ou t s ide  of a closed 



core .  Although the re  was q u a l i t a t i v e  agreement with experiment,  t he  main d e f i -  

ciency of t hese  e a r l i e r  c a l c u l a t i o n s  was t h a t  f a i l u r e  t o  reproduce the  amount 

of l e v e l  spreadink t h a t  had been observed exper imenta l ly .  

Then dur ing the  period of 1966 t o  1967 the  work of Kuo and Brown7 demon- 

s t r a t e d  t h a t  good agreement wi th  t he  d a t a  could be obta ined hy inc lud ing  the  . 

second order  diagrams a s  p i c tu red  above i n  E q .  20. I n  a d d i t i o n ,  and perhaps 

of more fundamental s i g n i f i c a n c e  was the  f a c t  t h a t  a convincing argument 

could be made f o r  the  importance of t h e  core-polar iza t ion  d i ag ram. in  achieving.  

a good 'physica l  p i c t u r e  of t he  valence-core i n t e r a c t i o n s .  

There followed a period of some euphoria w i th in  t he  nuclear  community 

over t he  successes  obta ined i n  1966 and 1967. 

However, t h i s  e r a  was bro"ght t o  a d r a n a t i c  end dur ing the  p e r i d  from 

1970 t o  1972 when t h e  e f f o r t s  of B a r r e t t  and ~ i r s o n ~  demonstrated t h a t  us ing 

t h e  same approximate techniques a s  those  of Kuo and Brown, one f i n d s  t h a t  t h e  

t h i r d o r d e r  terms of t he  e f f e c t i v e  Hamiltonian a r e  of conparable magnitude t o  

the  second o rde r  terms. This was very d i s t u r b i n g  t o  t he  theory community 

because t h i s  r e s u l t  demonstrated the  poss ib l e  ncnconvergence o f  t he  e f f e c t i v e  

Ramiltonian expansion which had been succes s fu l  i n  desc r ib ing  d a t a  through 

second o rde r .  However, some t h e o r i s t s  began t o  doubt t h e  r e l i a b i l i t y  of a 

number of approximations t h a t  were convent icnal ly  employed i n  a l l  of t hese  

s t u d i e s .  So, a t  almost t he  same time, a number of e f f o r t s  were i n  progress  

t o  examine the  r e l i a b i l i t y  of some of t hese  i nd iv idua l  approximations.  

Then, i n  1973, the  s t rong  intermedi.ate-range components of t he  t enso r  

fo rce  were shown9 t o  cause the  i n t e rmed ia t e - s t a t e  summations i n  h igher  order  

diagrams t o  be very slowly convergent.  Thus, the  previous c a l c u l a t i o n s  i n  

second and t h i r d  order  which t runcated  a t  the  lowest poss ib l e  pa r t i c l e -hc l e  



e x c i t a t i o n  energies  were i n  e r r o r  by s u b s t a n t i a l  amounts. The conclusion 

reached a t  t h i s  s t age  was t h a t  a l l  of t he  previous e f f o r t s  through' t h i r d  

r d e r  must be regarded with skept ic ism.  I t  was now necessary t o  r e c a l c u l a t e  

t he  e f f e c t i v e  Hamiltonian, avoiding a s  'many of the  approximations a s  poss ib l e ,  

but  e s p e c i a l l y ,  providing f o r  a c a r e f u l  treatment of the  e f f e c t i v e  t enso r  

fo rce .  What I s h a l l  now desc r ibe  a r e  t he  more r ecen t  e f f o r t s  t h a t  have 

followed t h i s  conclusion and have y ie lded encouraging r e s u l t s  i n  both l i g h t  

and medium-mass nuclei . .  

During the  per iod of 1975 and 1976, we were involved i n  ex'tensive 

c a l c u l a t i o n s  of the  e f f e c t i v e  Hamiltonian f o r  nuc l e i  from mass 110 t o  mass 

238.1° The c e n t r a l  goal  o f  these  c a l c u l a t i o n s ,  which were only performed 

through f i r s t  o rde r ,  was t o  put  t h e  e f f e c t i v e  Hamiltonian i n t o  a much l a r g e r  

dynamical framework inc luding many valence nucleons . in  a very enlarged model 

space i n  o rde r  t o  t r e a t ,  i n  a -dynarnical fashion,  a s  many of t h e  h igher  order  

diagrams a s  poss ib l e .  S p e c i f i c a l l y ,  one invoked a la rge-scale  mean-field 

approach which inc ludes  t he  p o s s i b i l i t y  of t r e a t i n g  s t rong  p a i r i n g  co r r e l a -  

t i o n s  as we l l  as-deformed f i e l d  c o r r e l a t i o n s  i n  a f u l l y  s e l f - cons i s t en t  way. 

Both the  c a l c u l a t i o n  of t he  e f f e c t i v e  Hamiltonian and then the  s o l u t i o n s  of 

t he  mean-field equat ions  were enormous undertakings and i t  was s t i l l  necessary 

+3 make a couple convenience approximations which i t  would be d e s i r a b l e  t o  

emove i n  a f u t u r e  e f f o r t .  A number of a p p l i c a t i o n s  of t h i s  e f f e c t i v e  

Hamiltonian t o  t h e  nuc le i  i n  t he  rare-ear th  region1' a s  wel l  a s  those of t he  

doubly-magic 1 3 2 ~ n  '''I2 and 2 0 8 ~ b  13 reg ions  have y ie lded encouraging r e s u l t s  

. and w i l l  be descr ibed belou. However, Since t h i s  approach had a couple of 

approximations and was only  c a r r i e d  through f i r s t  o rde r ,  some r e s u l t s  a r e  in- 

conclus ive  and w i l l  r equ i r e  a d d i t i o n a l  e f f o r t  i n  t he  f u t u r e .  



Within the  l a s t  yea r ,  a complete f i r s t  p lus  second o rde r  e f f e c t i v e  

14 
Hamiltonian has been obta ined f o r  nuc l e i  from mass 16 through mass 40. I t  

now seems s a f e  t o  say t h a t  t h i s  p a r t i c u l a r  second o rde r  Hamiltonian w i l l  

achieve nea r ly  a s  much success  i n  desc r ib ing  the  p rope r t i e s  of l i g h t  nuc l e i  

a s  has been obta ined with the Hamiltonian o f  Kuo znd Brom. This is p a r t i -  

c u l a r l y  s a t i s f y i n g  s i n c e  the  new Hamiltonians have proper ly  included a l l  t he  

e f f e c t s  of the  tensor  fo rce  through second o rde r .  I n  f a c t ,  t he re  a r e  some 

da t a  which a r e  b e t t e r  reproduced by the  new Hamiltonians than by t h e  previous 

Hamiltonians.  S p e c i f i c a l l y ,  t h e  b inding ene rg i e s  of l i g h t  n u c l e i  a r e  more 

accu ra t e ly  given with t he  new Hamiltonians.  
15  

F ina l ly ,  an i n i t i a l  e f f o r t  t o  re-examine t h e  t h i r d  o rde r  p a r t  of  t he  

e f f e c t i v e  Hamiltonian has r ecen t ly  been completed16 and shows t h a t  i t  is  

reasonable t o  conclude t h a t ,  with t he  c o r r e c t  t rea tment  of t he  t enso r  fo rces  

as wel l  a s  t he  e l imina t ion  of o t h e r  approximations previous ly  made, t he  t h i r d  

o rde r  diagrams w i l l  now be q u i t e  smal l  conpared t o  previous es t imates .8  Hence, 

t h e r e  is s o l i d  encouragement now t o  be l i eve  t h a t  t h e  program of r e a l i s t i c  

nuclear  s h e l l  theory w i l l  even tua l ly  be succes s fu l  i n  desc r ib ing  t h e  p rope r t i e s  

o f  n u c l e i  i n  t h a t  i t  w i l l  be a proper ly  converging theory which accounts f o r  

experimental  observat ions .  



III. DOUBLY MAGIC 132~n  REGION 

Before proceeding t o  a  d e s c r i p t i o n  of t h i s  region we w i l l  d i s cuss  t he  

rantages and l i m i t a t i o n s  of doubly-magic regions  of =he pe r iod ic  t a b l e .  

The region around 160 i s  cha rac t e r i zed  by the  advantage of having a  

r e l a t i v e l y  smal l  va lence  space which renders  c a l c u l a t i o n s  considerably  more 

comfortable,  however, t h i s  region is plagued by the.phenomena of " in t rude r  

s t a t e s " .  These a r e  s t a t e s  whose main parentage is ou t s ide  t h e  .model space 

but  which a r e  pos i t ioned betveen o r  among s t a t e s  whose dominant conf igura t ions  

a r e  i n  t he  mo'del space .  This l eads  t o  convergence d i f f i c u l t i e s  i n  t he  order- 

by-order expansion of t he  e f ~ e c t i v e  Hamiltonign. The amount of these  conver- 

gence d i f f i c u l t i e s  depends on the  degree of mixing between the  i n t r u d e r  s t a t e s  

and, the  model s t a t e s .  'In t he  case  of t h e  160 region the  degree of mixing is 

very high. 

Another popular a r e a  f o r  shell-model s t u d i e s  is i n  t h e  region of 4 0 ~ a .  

We now know t h a t  t he  4 0 ~ a  co re ,  is very s o f t  a g a i n s t  deformations.  This means 

t h a t  ou r  core  is no t  a  very s t a b l e  one and, i n  p a r t i c u l a r ,  i t  a l s o  w i l l  l ead  

t o  i n t r u d e r  s t a t e s  which a r e ,  i n  t h i s  case ,  coherent supe rpos i t i ons  of p a r t i c l e -  

ho le  s t a t e s .  .Here agein ,  we can expect d i f f i c u l t i e b  i n  t he  order-by-order 

expansion of the  e f f e c t i v e  Ramiltonian.  

The '08pb region is known t o  be an  exce l l en t  shell-model region f o r  both 

,title and ho le  systems. There is  ex tens ive  experimental  and phenomeno- 

l o g i c a l  evidence t h a t  t h e  systems a r e  very simply cha rac t e r i zed  by a  few 

valence  degrees of freedom ~ u t s i d e  of a  very r i g i d  core .  The main l i m i t a t i o n  

here  seems t o  be the  very s i z e a b l e  na tu re  of t he  model spaces t h a t  a r e  in-  

volved. T rad i t i ona l ly  one a t tempts  t o  inc lude  a  whole major s h e l l  of p a r t i c l e s  



o f  t h e  a p p r o p r i a t e  type  be ing  c o n s i d e r e d .  Thus,  i f  one  s t u d i e s  systems of 

n e u t r o n s  p r o t o n s  c u t s i d e  of  2 0 8 ~ b  t h e  model s p a c e s  a r e  indeed very l a r g e .  

This ,  i n  i t s e l f ,  i n h i b i t s  t h e  t h e o r e t i c a l  e f f o r t s .  

The main c o n c l u s i o n  i s  t h a t  we need more t h a n  j u s t  one good vacuum r e g i o n  

t o  t e s t  n u c l e a r  s h e l l  theory .  This  i s  m c t i v a t i o n  enoug:? f o r  e x t e n s i v e  theo- 

r e t i c a l  and exper imenta l  i n v e s t i g a t i o n s  of  t h e  r e g i o n  around 13'sn. 

There a r e  two unique  advantages  t o  t h e  13'sn r e g i o n  which I would l i k e  t o  

d e s c r i b e .  ' 

The f i r s t  unique advantage  is  i t s  proximi ty  t o  t h e  n e u t r o n  s u p e r f l u i d  

t r a n s i t i o n  i n .  t h e  lighter Sn i s o t o p e s .  This  i m p l i e s .  t h e  p o s s i b i l i t y  of  

a d d r e s s i n g  a  major fundamental  q u e s t i o n  of  n u c l e e r  s h e l l  t h e o r y :  t o  what 

e x t e n t  can t h i s  unique Fermi-surface phenomenon ( t h e  s u p e r f l u i d  t r a n s i t i o n )  

be a c c u r a t e l y  p r e d i c t e d  by r e a l i s t i c  microscopic  t h e o r y ?  This q u e s t i o n  i s  o f  

fundamental  importance s i n c e  we know by e x p e r i e n c e  t h a t  phase t r a n s i t i o n s  

provide  a  most s e n s i t i v e  t e s t  o f  a  microscopic  t h e ~ r y .  

The second unique advantage  is t h a t  13'sn w i l l  p rovide  t h e  c o r e  f o r  a  

l a r g e - s c a l e  microscopic  approach t o  a l l  n u c l e i  up t o  2 0 8 ~ b .  I n  t h i s  way. we 

w i l l  be  a b l e  t o  a d d r e s s  a n o t h e r  fundamentel  q u e s t i o n :  c a n  a  s i n g l e  n u c l e a r  

Hami l ton ian ,  o p e r a t i n g  i n  t h e  model s p a c e  betweer! t h e s e  two n u c l e i ,  p r e d i c t  

t h e  dominant s h e l l  model behavior  n e a r  s h e l l  c l o s u r e  a s  w e l l  a s  t h e  s t r o n g  

c o l l e c t i v e  phenomenon of t h e  r a r e - e a r t h  r e g i o n ?  We n o t e  t h a t  t h e  i n i t i a l  

r e s u l t s  a r e  v e r y  encouraging  i n  t h i s  d i r e c t i o n  and we w i l l  o u t l i n e  some of 

those  r e s u l t s  below. 



. I V .  RESULTS 

A The Ground S t a t e  P rope r t i e s  of 1 3 2 ~ n  from the  Density Dependent Hartree- 

ck Approach. 

We follow t r a d i t i o n a l  d iscuss ions  of. doubly-magic n u c l e i  by f i r s t  .de- .. 

s c r i b i n g  the  s i n g l e - p a r t i c l e  prop.ert ies.  ( s i n g l e - p a r t i c l e  l e v e l  spacings .and . 

l e v e l  orderings.) and d s o  the  one-body dens i ty  d i s t r i b u t i o n s .  In  f ac t , ,when  

such l e v e l  arrangements a r e  known, one can make s ta tements  about t he  v a l i d i t y  

of t h e  doubly-magic c h a r a c t s r i z a t i o n  of a  given nucleus. .  I n  the  .case of 1 3 2 ~ n .  

expe r ime~ i t a l  informat ion is nea r ly  t o t a l l y  lacking i n  t h i s  a spec t .  Thus, one 

cannot d isplay .  t he  l e v e l  spacings of t he  p a r t i c l e s  and holes  around 1 3 2 ~ n  and 

draw conclusions about s h e l l  c lo su re  on t h a t  b a s i s .  However, t he re  is much 

i n d i r e c t  evidence t h a t  suppor ts  t he  c o n t e n t i o n . t h a t  i t  i s  a  very good doubly 

magic nucleus.  

The b e s t  avai lableway t o  p r e d i c t . t h e  s i n g l e - p a r t i c l e . l e v e 1  order ings  i s  

t o  use the  Skyrme Hamiltonian i n  t he  density-dependent Hartree-Fock approach.17 

Figure 1 d i sp l ays  t he  r e s u l t s  of such a  c a l c u l a t i o n  f o r  the neut ron-and proton 

s i n g l e - p a r t i c l e  l eve l s . .  The main conclus ion t o  be drawn is  t h a t  a l l  t he  

parameter iza t ions  of t he  Skyrme Hamiltonian y i e l d  a  pronounced p red ic t ion  f o r  

l a r g e  s ' he l l  gaps a t  132sn. , I n  a l l  c a ses ,  , t h e  spacing between.the l a s t  occupied 

lutron o r b i t a l  and t h e  f i r s t  unoccupied neutron o r b i t a l  is of t he .o rde r  of 

MeV a s  i s  the  spacing between the  l a s t  occupied .proton o r b i t a l  a n d , t h e  f i r s t  

unoccupied proton orbi ta l . .  . . 

On t h e . o t h e r  hand from app l i ca t ions  to. o t h e r  regions1?. and from the  

f l u c t u a t i o n s  i n  the  r e s u l t s  here  one knows t h a t  t he  exact  l e v e l  order ings  . 

a r e  not  wel l  predic ted  by t h i s  t h e o r e t i c a l  approach. There is a  l a r g e  . 

unce r t a in ty  a s  t o  the  desa i l ed  spacings  between o r b i t a l s  wi th in  t h e  major 



s h e l l s  involved. This i r r e s o l u t i o n  i s  unfor tunate 'because  such i n f o r h t i o n  

i s  necessary i n  o rde r  t o  proceed wi th  s h e l l  model s t u d i e s  i n  t h i s  r eg ion .  O f  

course t he  Skyrme Hamiltonian i s  a  phenomenological Hamiltonian whose para- 

meters were ad jus t ed  t o  f i t  t he  p rope r t i e s  of nuclear  ma t t e r  and c e r t a i n  

doubly-magic n u c l e i  whose p rope r t i e s  were known. The f l u c t u a t i o n s  i nd ica t ed  

i n  f i g u r e  1 a r e  those  t h a t  r e s u l t  from the  imprecise pinning down of those 

parameters by the  knorjn doubly-magic nuc le i  and from the  inadequacies of t he  

phenomenological Hamiltonian. Thus, we can s u m a r i z e  Fig.  1 by saying t h a t ,  

based on the  b e s t  phenomenological approach a t  hand, and the  inowledge of 

o t h e r  doubly-magic n u c l e i ,  t h i s  is the  bes t  we can p r e d i c t  f o r  t he  p rope r t i e s  

of t h e  s i n g l e - p a r t i c l e  s p e c t r a  of 1 3 2 ~ n .  On t h i s  b a s i s  i t  is doubly magic 
' 

but p r e c i s e  l e v e l  o rde r ings  a r e  unknown. 

Within t h e  same approach one ob ta ins  t he  s i n g l e - p a r t i c l e  dens i ty  d i s t r i -  

but ions  f o r  1 3 2 ~ n ,  and these  a r e  d isplayed i n  Figure 2. I t  is s a f e  t o  say  

t h a t  these  s i n g l e - p a r t i c l e  d i s t r i b u t i o n s  w i l l  no t  be measured i n  t h e  conven- 

t i o n a l  s ense  by e l a s t i c  e l e c t r o n  s c a t t e r i n g  s i n c e  such experiments have r a t h e r  

low c r o s s  s e c t i o n s  and r equ i r e  s t a b l e  t a , rge t s .  We present  these  t h e o r e t i c a l  

r e s u l t s  f o r  t he  purpose of completeness. 

B. A S ing le  Theore t i ca l  Hamiltonian f o r  A l l  Nuclei f o r  Doubly-Magic 1 3 2 ~ n  

t o  Doubly-Magic 2 0 8 ~ b .  

The f i r s t  a t tempt  i n  t h i s  d i r e c t i o n  w i l l  be i a b e l l e d  "The Brookhaven 

Hamiltonian" s ince  i t  Gas generated a t  Brookhaven. In so fa r  a s  i t  i s  a  f i r s t  

approach i t  has a  number of convenience approximations which w e  f e e l  can be 

e l iminated  i n  t he  second gene ra t ion  which w i l l  be descr ibed b e l ~ w .  The bas i c  

e f f e c t i v e  Hamiltonian i s  ca l cu l a t ed  t o  f i r s t  o rde r  and is given by 



'eff (21) 
k=O 

: re  v is  c h o s e n t o  b e  t h ~ ~ e i d  Sof t  Core p o r e n t i a l , l g  and Ho i s  t he  harmonic 

o s c i l l a t o r  Hamiltonian. The valence space was chosen t o  comprise 52 proton 

(2S1j2* ' l d 5 / 2 ~  ld3 /2 ,  OggI2, Og7/2, Ohll,2, and Ohgl2) and 66 neutron 

o r b i t a l s  ( 2 ~ ~ ~ ~ .  2 ~ 1 / 2 *  If7/;* 1f5/2* Ohlll2, Ohg/2, lggI2,  0i13/2). The 

model space was not  e n t i r e l y  app ropr i a t e  t o  a  13'Sn co re  s ince  i t  was chosen 

t o  be s u f f i c i e n t l y  l a r g e  for ,meaningful  Hartree-Fock ca l cu l a t+ons  i n  t he  rare-  

e a r t h  region.  

The main t e s t s  and p red ic t ions  o f  t he  Brookhaven Hamiltonian (descr ibed 

i n  r e f e rences  10 through 13) range from t rea tment  of gro'und s t a t e  and high-spin 

p rope r t i e s  of r a r e -ea r th  nuc le i ,  t o  shell-model p rope r t i e s  near  132~n ,  and t o  

shell-model ' p rope r t i e s  of n u c l e i  near  '08Pb. 

I n  o rde r  t o  t r e a t  nuc l e i  near  s h e l l  c lo su re  i t  is  necessary t o  remember 

t h a t  t he  e f f e c t s  of co re  p o l a r i z a t i o n  have no t  y e t  been ca l cu l a t ed  f o r  t h i s  
. . 

Hamilto'nian. 'Therefore  i t  i s  reasonable  t o  adopt some in termedia te  way of 

handling these  co re -po la r i za t ion  e f f e c t s  and we c h o s e t o  add phenomenological 

terms t o  the  r e a l i s t i c  microscopic iiamiltonian corresponding t o  a  pa i r ing  fo rce  

and a  quadrupole fo rce :  

H l f f  = Heff  + a Po + B P2 (22) 

I a d j u s t a b l e  s t r e n g t h  cons t an t s  a and B .a re  determined by f i t t i n g  only one 

nucleus,  t he  one which has two valence p a r t i c l e s  ou t s ide  of t he  c losed co re .  

Then the  Hamiltonian, H L f f ,  i s  kept  f i xed  f o r  treatment of a l l  o t h e r  n u c l e i  i n  

t he  region of t he  doubly-mgic core .  In  a d d i t i o n  Co handling core-polar iza t ion  

e f f e c t s ,  t he  ad jus t ab l e  terms could handle,  . i n  princlple,some t runca t ion  e f f e c t s  

and co r r ec t ions  t o  t h e  imprecise ly  known s i n g l e - p a r t i c l e  ene rg i e s .  It has 



been found t h a t  t h e  a d d i t i v e  terms amount t o  l e s s  t h a n  10% of t h e  t o t a l  

Hamiltonian,  g i v i n g  r e c s s u r a n c e  o f  t h e  v a l i d i t y  o f  t h i s  s e m i r a a l i s t i c  pro- 

c e d u r e .  

One purpose f o r  showing t h e s e  r e s u l t s  i s  t o  m o t i v a t e  a  second g e n e r a t i o n  

Hami l ton ian ,  "The Ames Harniltonian" where t h e  s i r . g l e - p a r t i c l e  Hamiltonian is  

chosen t o  be a  r e a l i s t i c ,  i . e . ,  Woods-Saxon o r  Hartree-Fock s i n g l e - p a r t i c l e  

p o t e n t i a l  

We now d e s c r i b e  t h e  r e s u l t s 1 °  f o r  t h e  s i n g l e - p a r t i c l e  p r o p e r t i e s  of  n u c l e l  

from Sn through Pb i n  t h e  mean-field approach where t h e  unadjus ted  Brookhaven 

Harnil tonlan is employed. These r e s u l t s  a r e  d i s p l a y e d  i n  f i g u r e s  3 ,  4 and 5 .  

The neut ron  s i n g l e - p a r t i c l e  e n e r g i e s  w i t h  r e s p e c t  t o  n e u t r o n  number nedr 

doubly-magic 13'sn and 208F'b, a r e  sllown i n  F ig .  3  a s  c a l c u l a t e d  i n  t h e  

s p h e r i c a l  Hartree-Fock approximat ion .  I n  t h e  upper p a r t  of F i g .  3  one 

f i n d s  s a t i s f y i n g  agreeKent i n  terms of l e v e l  o r d e r i n g s  and i e v e l  s p a c i n g s  

f o r  n e u t r o n  s i n g l e - h o l e  o r b i t a l s  n e a r  2 0 8 ~ b .  I n  addition, t h e  Hamiltonian 

c o r r e c t l y  p r e d i c t s  t h e  s l ~ e l l  c l o s ~ ~ r e  a t  N = 126. 

In t h e  bottom p o r t i o n  of  F ig .  H Cite neut ron  m g i c  gap a t  N = 82 i s  uor 
. . 

q u i t e  s o  w e l l  reproduced.  However, t h i s  is f e l t  t o  be  a n  i n d i c a t i o n  of  one 

of  t h e  i n a d e q u a c i e s  o f  t h i s  c u r r e n t  f i r s t - o r d e r  c a l c u l a t i o n  and is expec ted  

t o  be i m p r o v e d ' i n  c a l c u l a t i o n s  w i t h  t h e  Ames. Hami l ton ian .  

The p r o t o n  s i n g l e - p a r t i c l e  e n e r g i e s  a  f u n c t i o n  o f  n e u t r o n  number a r e  d i s ,  

p layed  i n  F ig .  4 f o r  this.spherical.Hartree-Fock c a l c u l a t i o n .  An i n t e r e s t i n g  

p r e d i c t i o n  emerges w i t h  t h e  n e u t r o n  h o l e  dependence o f  t h e  p r o t o n  magic gap a t  

Z ' =  82. '  One f i n d s  a  d i s a p p e a r a n c e  o f  t h e  gap a t  a round,mass  2 0 0 . w h i c h . i ~  ccn- 

s i s t e n t  w i t h  t h e  o n s e t  o f  s t r o n g  c o l l e c t i v 6  s t a t e s  i n - t h e  low-lying s p e c t r a  of  

n u c l e i  i n  - t h i s  v i c i n i t y .  For t h e  p r o t o n  magic gap a t  Z = 50 ( lower p o r t i o n  of 

F ig .  4') t h e r e  seems t o  be a  well-developed s p a c i n g  i n  t h e  p r e d i c t i o n .  The 



d e t a i l e d . l o c a t i o n  of t he  c ros s ing  of the  dgI2 and t h e  g  o r b i t a l  i n  t he  Sn 
7/ 2  

topes is  not  so  wel l  reproduced. However, t h i s  f e a t u r e  is very s e n s i t i v e  

.. minute changes i n  t he  Hamiltonian. 

In  Fig .  5  one s e e s  t he  neutron s i n g l e - p a r t i c l e  spacings  a s  a  f u n c t i o n  . 
of t h e  proton number f o r  n u c l e i  above the  doubly-magic cores .  There i s  not  

a  g r e a t  d e a l  of mass dependence f o r  these  q u a n t i t i e s .  

The conclusion from the  above s p h e r i c a l  Hartree-Fock r e s u l t s  with the  . 

Brookhaven Hamiltonian i s  t h a t  t he re  is  q u i t e  a  b i t  of s t r u c t u r e  i n  both the  

theory and the  experiment and t h a t  t he  f i r s t  attempt,which does not  inc lude  

Hamiltonian adjustments t o  take ca re  of core  p o l a r i z i t i o n i i s  r a t h e r  encouraging. 

I would now' l ike  t o  move on t o  d i scuss  the' app l i ca t ions  of the  Brookhaven 

Hamiltonian with the  phenomenological p a i r i n g  and quadrupole terms added. An 

i n i t i a l  e f f o r t L J  showed t h a t  t h i s  procedure could be q u i t e  succes s fu l  t o  

improve the  d e t a i l e d  s h e l l  model p red ic t ions  of nuc l e i  i n  the  v i c i n i t y  of 

2 0 8 ~ b .  In  p a r t i c u l a r ,  the  multi-neutron ho le  s t a t e s  i n  the 2 0 8 ~ b  core  were 

s a t i s f a c t o r i l y  t r e a t e d  with such a  s e m i r e a l i s t i c  approach. 

More r ecen t ly  Baldridge and Dalton 11' l2 have s tud ied  nuc le i  cons i s t i ng  

of 2  through 9 valence  protons o u t s i d e  the  doubly-magic 1 3 2 ~ n  core .  A d e t a i l e d  

ana lys i s  of t he  phenomenological adjustments shows t h a t  the  co r r ec t ions  a r e  

u t  7% of t h e  t o t a l  Hamiltonian when a  2 o r b i t a l  model space ,  cons i s t i ng  of 

-..- g7/2  and dgI2 o r b i t a l s ,  i s .  chosen and t h e  co r r ec r ions  a r e  reduced t o  about 

3% of the  t o t a l  Hamiltonian when a  model space of 5  s i n g l e - p a r t i c l e  o r b i t a l s  i s  

chosen. For nuc le i  cons i s t i ng  of 5  o r  more valence protons ,  i t  i s  necessary 

t o  employ the  sma l l e r  model space i n  t he  s h e l l  model d i agona l i za t ions .  

In  order  t o  o b t a i n  t he  energies  of t h e  s i n g l e - p a r t i c l e  valence o r b i t a l s ,  . 

i t  is  necessary t o  make some ex t r apo la t ions  from the  data.: These ex t r apo la t ions  



a r e  depic ted  i n  Fig.  6 by the  dashed l i n e s .  It i s  expected t h a t  t he  e r r a r s  

t h a t  might be incurred  by these  ex t r apo la t ions  could a t  l e a s t  be p a r t i a l l y  

accomodated by the  tvo a d j u s t a b l e  constant  a and 0 i n  t he  mociified e f f e c t i v e  

Hamiltonian. As mentioned above, these  two cons t an t s  a r e  f i xed  by the  s p e c t r a  

of t he  two valence  proton nucleus ,  1 3 4 ~ e .  With the  Hamiltonian then f i x e d ,  

the nuc le i  up t o  141pr a r e  ca l cu l a t ed .  An i n t e r e s t i n g  study i s  made of t he  

d e t a i l e d  behavior of  the  lowest 7/2+ and 5/2+ l e v e l s  a s  a  funzt ion  of prc ton 

number throughout t hese  n u c l e i .  Figure 7  d e p i c t s  t he  5/2+ s t a t e  ( s o l i d  do t s )  

wi th  r e spec t  t o  the  712' ground s t a t e  and conpares the  5/2+ s t a t e  wi th  t h e  

d a t a  (open c i r c l e s ) .  This can be considered t o  be a  r a t h e r  s t r i k i n g  and 

spec t acu la r  agreement of t h e  s e m i r e a l i s t i c  approach wi th  a v a i l a b l e  d a t a .  

Although I have attempted t o  s t r e s s  t he  broad range of r e s u l t s  t h a t  can 

be obta ined wi th in  t h e  r e a l i s t i c  nuclear  s h e l l  theory ,  i t  is  use fu l  t o  examine 

one spectrum f o r  t h e  sake of a n  overview. The t h e o r e t i c a l  spectrum o f  13'cs 

shown i n  Fig .  8 is  i n  s a t i s f a c t o r y  o v e r a l l  agreement wi th  t he  a v a i l a b l e  exper i -  

mental informat ion.  The column l a b e l l e d  "Western et&., r ep re sen t s  d a t a  

taken about a  year  and a  ha l f  ago a t  TRISTAN. 

C.  Level Dens i t i e s  of Theore t i ca l  Hamiltonians Through Spec t r a l  D i s t r i bu t ion  

Methods. 

In  view of t he  d i scuss ion  of t h e  delayed neutron r e s u l t s  presented  by 

Stan ~ r u s s i n , '  I would l i k e  t o  expand the  d i scuss ion  of t he  r e s u l t s  from the$ 

r e a l i s t i c  Hamiltonians t o  inc lude  p red ic t ions  of shell-model level -dens i ty  

d i s t r i b u t i o n s  obta ined with s p e c t r a l  d i s t r i b u t i o n  methods. I f s e l  t h a t  we a r e  

moving i n t o  a  new a rea  where i t  may be poss ib l e  t o  t e s t  some of t he  more g lobal  

f e a t u r e s  of our Hamiltonians wi th  t h i s  type of d a t a  which cannoc be adequately 

t e s t e d  through d e t a i l e d  comparisons of a  few l e v e l s .  



Spec t r a l  d i s t r i b u t i o n  methods have been advanced i n  the  l a s t  t h r ee  years  

to the  po in t  where many average p rope r t i e s  of nuc l e i  such a s  l e v e l  d e n s i t i e s ,  

in-cut0.f f  f ac to r s .  and average e lec t romagnet ic  t r a n s i t i o n  s t r e n g t h s  can be . . 

ca l cu la t ed  d i r e c t l y  from the  ~ami l ton ian . '  To perform such c a l c u l a t i o n s , a  . . 

l a r g e  con f igu ra t ion  moment code has been j o i n t l y  developed by. the  h e s .  

Laboratory and Lawrence Livermore Laboratory.  Using t h i s  conf igura t ion  code 

one can c a l c u l a t e  t he  l e v e l  d e n s i t i e s  s epa ra t e ly  f o r  both p a r t i e s ,  a l l  sp ins  

and a l l  i s o b a r i c  sp ins .  

Fig.  9 shows the  shell-model prediction12 of t he  l e v e l  d e n s i t i e s  f o r  the  

J = 6 l e v e l s  i n  1 3 6 ~ e  with a  l a r g e  energy b i n  of 1 .5  MeV. Fig.  9 a l s o  shows 

the  Gaussian ca l cu l a t ed  by che s p e c t r a l  d i s t r i b u t i o n  methods d i r e c t l y  from 

the  Hamiltonian. This demonstrates good agreement between l a r g e  energy bin  she l l -  

model r e s u l t s  and s p e c t r a l  d i s t r i b u t i o n  methods using the  lowest two moments. 

A remarkable change occurs  when one tu rns  up the  energy r e so lu t ion  on the  

shell-model r e s u l t s  a s  shown i n  Fig.  10: . t he re  is a  s i g n i f i c a n t  c l u s t e r i n g  of 

l e v e l s .  Not only a r e  s p e c t r a l  d i s t r i b u t i o n  methods now re f ined  s u f f i c i e n t l y  
20 

t o  c a l c u l a t e  such complicated f e a t u r e s  but  t he  experiments a r e  y i e ld ing  da t a  
2  

t h a t  show these  f e a t u r e s .  Th i s  i s  p a r t i c u l a r l y  e x c i t i n g  s ince  a  spectrum 

wit'h t h i s  much d e t a i l ' o f f e r s  a  more chal lenging t e s t  t o  t h e  theory than a  ' 

- 4 n g l e  Gaussian. Furthermore, f o r  nuc l e i  with many valence degrees of freedom 

e t h e o r e t i c a l  p red ic t ions  can only be obta ined with these  r ecen t ly  developed 

'methods. ' S ince . the  delayed neutron s p e c t r a  can be obta ined with t he  TRISTAN 

sepa ra to r ,  i t  would be of p a r t i c u l a r .  fundamental i n t e r e s t  t o  mount experimental  

programs i n  t h i s  d i r e c t i o n  once TRISTAN is o p e r a t i o n a l  a t  Brookhaven. 



The fundamenta1 ,aspec t  of  such  r e s u l t s  remains t o  be  e l l u c i a t e d  f u r t h e r .  

For example, t o  what e x t e n t  do t h e  l o c a t i o n s  and w i d t h s  of t h e s e  c l u s t e r s  . 

shown i n  F ig .  1 0 ,  change w i t h  changes i n . r h e  microscopic  Hamiltonian? S t . ~ d i e :  

which should answer t h i s  q u e s t i o n  a r e  i n  p r o g r e s s  i n  Ames. 

To conclude t h i s  s e c t i o n  I would l i k e  t o  emphasize t h a t  t h e  r e s u l t s  shown 

f o r  t h e  1 3 2 ~ n  r e g i o n ,  t a k e n  i n  c o n j u n c t i o n  w t t h  t h e  o t h e r  r e g i o n s ,  a r e  very  

e x c i t i n g  and i n d i c a t e  some o f  t h e  p o s s i b i l i t i e s  f o r  fundamental  p r o g r e s s  i n  

microscopic  s h e l l  theory  t h a t  can be made w i t h  a C d i t i o n a l  d a t a  t o  f i l l  o u t  

t h e s e  p i c t u r e s  . . 

I. am g r a t e f u l  t o  R. Belehrad o f  Iowa S t a t e  V n i v e r s i t y  f o r  per forming  a .  

number of  t h e  c a l c u l a t i o n s  p r e s e n t e d  h e r e .  This  work s u p p o r t e d  by t h e  U .  S. 

~ e ~ a r t m e n t  o f  Energy, D i v i s i o n  o f  Bas ic  Energy S c i e n c e s .  
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N INS P R O T O N S  

Figure 1. Neutron and proton single-particle orbitals 
for 1 3 2 ~ n  calculated in the density-dependent Hartree- 
Fock The columns SI, SII and SIII refer 
to different parameter sets for the Skyrme Hamiltonian 
while the colrimn labeled DME refers to Densit Matrix : 
Expansion techniques of Negele and Vautherin.31 . . 
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Figure 2. Coordinate space density 3istributions of 13'sn 
as calculated in the density-dependent Hartree-Fock appro- 
ximation with the Density Macrix ~ x ~ a n s i o n Z l  (DYE) and 
skyrme-111~' (SIII) parametrizations of the Hamiltonian. 



Figure 3. Hartree-Fock-Bogoliubov (HFB) neutron single- 
particle energies cn-A relative to the Fermi energy. The 
upper part of the figure is for N and Z values for Pb 
nuclei while the lower part is for Sn. The experimental 
=O7pb levels are also shown (inverted since this is a 

' one neutron hole nucleus) for comparison. 



Figure 4. HFB proton single-particle energies for Pb 
and Sn nuclei. Also shown are the experimental spectra 
for l;:~k and 2ipk (inverted) and for a sequence of 
odd mass ,..Sb nuclei .  



Figure 5. HFB neutron single-particle energies for N = 
126 nuclei in the top figure and N = 82 nuclei below. 



Figure 6. Extrapolation (dashed line) of experimental 
(circles) single proton energies. Low-lying levels of 
nuclei having N = 82 and odd Z from 51 to 63 are used 
to esrlmate the highcr single protoll energies. 

Figure 7. Systematics of positions of 512' levels with 
respect to lowest 7/2+ levels. The open and solid 
circles show, respectively, the experimental and shell 
model excitations of lowest 5/2+ levels with respect to 
the lowest 712' level. Experimentally observed 
systematics are well reproduced by the shell mo, 
although inversion at nine protons is not quite Lcted. 
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Figure 8. Experimental and theoretical spectra for 137~s. 
N D S ~ ~  and Western &.23 are experiment. Small and 
large space columns are results of this study. Wildenthal 24 

is a shell model study using the Surface Delta Interaction. 
Freed and ~ i l e s ~ ~  is a quasiparticle Tamm-Dancoff approxi- 
mation calculation. All levels are labelled by 25. 
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Figure 9. Comparison of Gaussian level density calculated 
via moment methods with histogram (interval 1.5MeV) from 
exact shell-model dianonalization for 136~e. J = 6 levels. - - - 

Both calculations were made in the (Og712, 
2slI2) space. ld5/2> Ohll/2* 



ENERGY 

Figure 10. Comparison of statistical level density with 
histogram from exact shell niodel spectrum for 1 3 6 ~ e  J = 6. 
The histogram interval is .25HeV. Both.calculatlons were 
made in the (Og712. ldgI2, Ohlll2, 2slI2) Space. 
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On-line mass separators are quite useful and valuable 
. . 

scientific systems. However they do have certain disadvaneages 

or l'imitations ; .nameljr, ' 

1. relatively high installation and maintenance costs, 

2. a high degree o f  complexity in their operation, 
. . 

3. at present only about 25 elements are available, 

4. at reactors, only, provide A identification. 

There are alternate methods for providing A and/or Z 

selectivity and identification which can complement the above 

'systems; these include, 

1. fast wet chemical separations, 1,2) 

2. gas jet recoil transport system with A selectivity, 

e.g., RAMA,~) Maggie, '+) 

3. gas jet recoil transport system with Z selectivity, 

i. fast "wet" chemistry, e.g., SISAK, 5 

ii. on-line gas phase thermochromatographic separa- 

tion systems. 

The purpose of this paper is to discuss this latter 



t e c h n i q u e ,  namely f a s t  chemical  s e p a r a t i o n s  w i t h  a  g a s  phase  

thermochromatog!ca~hic sys tem.  Recent  s t u d i e s  p e r f ~ r m e d  e l s e -  

where w i l l  be reviewed and e x p e r i e n c e s  ga ined  a t  SFU i n  r e c e n t  

i n i t i a l  a t t e m p t s  t o  o p e r a t e  s i m i l a r  sys tems w i l l  ba mentioned.  

The a p p l i c a t i o n  o f  gas  phase  thermochromatographic sys-  

tems t o  s e p a r a t i o n  of  r a d i o a c t i v e  r e a c t i o n  p r o d u c t s  i s  r e l a -  

t i v e l y  r e c e n t  and r e f e r e n c e s  ( 2 ,  6-17) i n  r e a s o n a b l y  a v a i l a b l e  

j o u r n a l s  a r e  i n d i c a t e d  f o r  your  i n f c r m a t i o n .  The g e n e r a l  use-  

f u l n e s s  o f  t h i s  t e c h n i q u e  f o r  t h e  s t u d y  of  s h o r t - l i v e d  r a d i o -  

a c t i v e  s p e c i e s  i s  w e l l  demonst ra ted  by +he r e c e n t  s t u d i e s  of 

Trautmann ( r e f .  1 5 ) ,  Trautmann and Herrmann ( r e f .  2 1 ,  Bachmam, 

e t  a l .  ( r e f .  6 ) ,  and Matschoss and BBchmann ( r e f .  1 4 ) ,  and I , 

w i l l  d i s c u s s  t h e s e  i n  more d e t a i l .  

A p r e s s u r e - d r i v e n  ( o r  w i t h o u t  pump) g a s  j e t  r e c o i l  t r a n s -  

p o r t  sys tem can be used  t o  b r i n g  r a d i o a c t i v e  n u c l i s e s  t o  a  

chemical  r e a c t i o n  chamber ( s e e ,  f o r  example,  f i g u r e  1 t a k e n  from 

r e f .  2 ) .  These a . z t i v i t i e s  can  be f i s s i o n  p r o d u c t s  from 2 5 2 ~ f ,  

p r o d u c t s  from neut ron- induced f i s s i o n  of  uranium i n  a  r e a c t o r , '  

o r  i ndeed  p r o d u c t s  from any acce lera 'or  beam r e a c t i o n .  The 

c a r r i e r  g a s e s  used  by Trautmann and co-workers f o r  f i s s i o n  pro- 

d u c t  t r a n s p o r t  were e t h y l e n e  mixed w i t h  n i t r o g ? n ,  o r  j u s t  e thane  

A t  SFU a  s i m i l a r  c e l l  u t i l i z e d  o n l y  e t h y l e n e  b u t  no t  w i t h o u t  

d i f f i c u l t y .  16) The chemical  r e a c t i o n  c e l l  i s  - 5 e a t e d  t o  abou t  

400°C ( a t  SFU u s i n g  Nichrome w i r e  wrapping) t o  b reak  up t h e  

z l u s t e r s  which c a r r y  t h e  a c t i v i t i e s  o v e r  l ong  d i s t a n c e s .  Glass 

f r i t s  a r e  p o s i t i o n e d  on bo th  s i d e s  o f  t h i s  chamber t o  c o n t a i n  



the clusters.and prolong the reaction time. In general for 

most in-stream gas thermochromatographic separations, halides . 

are formed and Trautmann fed a Br2/N2 gas mixture into the 

reaction chamber to foym metallic bromides of the fission pro- 

ducts. The outlet of the reaction chamber is connected to a 

quartz condenser tube in which a negative thermal gradient is 

established. An oven can be used to heat air entering the 

outer jacket of the condenser tube for maintaining this thermal 

gradient. The exit of the condenser is con~ected to a charcoal 

trap, a liquid nitrogen cold trap and then into a small pump, 

e.g., water aspirator pumping system, for gas exhaust. The 

distribution of fission products along the condenser and in the 

traps reported by Trautmann and ~errmann~) from thermal neutron 

induced fission of uranium are presented ir. figure 1. The 

bromides of the alkali, alkaline and lanthanide elements as 

well as those of Y, Pd and Ag are non-volatile and stay in the 

cell. Other bromides are distributed along the tube as indi- 

cated while some of the very volatile substances go into the 

trap. Broad separation bands were observed but these apparently 

can be reduced in width by using glass beads in the inner tube. 

A delay time between production and deposition is reported to 

be about 4 sec while activities with half-lives as short as 1.7 

sec were studied. 

A cell, similar to the one shown ic figure 1 was con- 

structed at relatively low cost an? tested at; Simon Fraser 

University. 16) ~ission products from a thinly covered (50 pg/cm 2 



ku foil) 252~f source (5 PC) were transported through a 4 mm 

diameter tube over a one meter distance into the chemical reac- 

tion cell. Use of pure ethylene as the carrier gas while suc- 

cessfully transporting radioactivity, did introduce complica- 

tions as the combination of' ethylene, Br2 gas, trace amounts 

of air and high temperatures lead t~ unwanted c:lemicsl compounds 

and a high degree of carbonation. The use of the ethylene/N2 
L 

gas mixture or ethane only, now seems a m ~ e  appropriate choice 

for successful operation. Nevertheless aztivities were deposited 

as a function of the thermal gradient in the condenser tube, 

although at levels too low for positive Z identification due t> 

inefficient transpcrt and insufficient source strength. 

The advantages and drawbacks of such Z separators can be 

summarized as follows: 

Advantages 

1. can provide fast ( -  seconds), continuous, on-line 

chemical separation of s~ecific elements in a nuclear 

reaction produced mixture of many radioactive nuclides; 

2. has been used after a gas jet system or (as will be 

mentioned later) an electromagnetic msss separator 

to provide Z identification. 

Drawbacks 

1. single step separation scheme yields broad, overlap- 

ping elemental deposition zones; 

2. slow, but noticeable drift in deposition occurs ' .  

towards lower temperatures with time ( -  hours); 



3 .  gas phase inaGganic chemistry especially .when deal- 

ing with microscopic amounts not well understood. 

Bachmann and co-workers "1 y 14) have reported a. differ- 

ent approach and have had some success in overcoming these draw- 

backs. They have used chlorides and oxychlorides, rather than 

bromides along with, as needed, a second reactive gas. More 

importantly, they recowmend coating of the inner tube of the 

condenser with differer-t chemical compounds (see figure 2 taken 

from ref. 6 ) .  The different metallic chlorides react at differ- 

ent temperatures with the different inner surface coatings. 

Improved elemental separation is obtained. They also recommend 

that the drift problem can be overcome by substituting a sharp- 

step decrease to lower tempenatures rather than a gradually 

decreasing thermal gradient. 

A further modification is the use of a sample changer 

(see fig. 3 of ref. 6 )  which allows standard spectroscopy studies 

A combined multi-step separation scheme optimizing various para- 

meters as reaction cell temperature (up to 900°C), wall coatings, 

additionhl reactive gases, along with this sample changer can 

-reduce clean, elemental separation within seconds. Activities 

ith half-lives of the order of 3 seconds were studied in this 

manner. 14) 

Finally such tkermochromatographic separation systems 

have been adopted to work with the mass sep3rator at Osiris. 13) 

The separated ion beam is deposited onto a heated filament of a 

thermo-separator. Pure samples of such elements as Zn, Ge, Br, 



K r ,  Cd, I ,  and Xs i n  a p p r o p r i a t e  chemical  form can  be c o l l e c t e d  

on a  c a t c h e r  i n  f r o n t  of  a  d e t e c t o r  by c o r r e c t  ad jus tmen t  o f  

t h e  t he rma l  g r a d i e n t  a long  a  h e a t e d  q u a r t z  t u b e .  I n  t h i s  m a n e r  

A and Z s e l e c t i v i t y  can  be ach ieved  and r e s u l t s  a r e  r e p o r t e d  f o r  

new, n e u t r o n - r i c h  Zn and Cd a c t i v i t i e s .  13 )  

I n  summary, t h i s  s h o r t  r ev i ew h a s  been i ~ t e n d e d  t o  demon- 

s t r a t e  t h e  g e n e r a l  u s e f u l n e s s  and a p p l i c a b i l i y y  a l o n g  w i t h  some 

o f  t h e  drawbacks of  t h i s  r e l a t i v e l y  new t e c h n i q u e  o f  per forming 

f a s t  chemica l  s e p a r a t i o n s .  With 5 u r t h e y  unde r s t and ing  o f  t h e  

g a s  phase  chemis t ry  i nvo lved  e s p e c i a l l y  when d e a l i n g  w i t h  m i ~ r o -  

s c o p i c  q u a n t j t i e s ,  it cou ld  become a ve ry  u s e f u l ,  i n e x p e n s i v s  

t o o l  f o r  per forming n u c l e a r  spec t roscopy  s t u d i e s  of  n u c l i d e s  

f a r  from b e t a  s t a b i l i t y .  
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Figure 1. Sch~matic diagram of the thermochromatographic 
apparatus for continuous separation of the fission product 
bromides with a gas-jet as the transport merhod for the 
reaction products (taken from ref. 2). 

Figure 2. Separation. of 2 3 5 ~  fission products using 
different wall coatings and temperatures; carrier and 
reactive gas N2 (13% CC14) (taken from.ref. 6). 
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ABSTRACT 

An on-line mass separatw for thermally ionized fission products (OSTIS) 

has been installed at a neutron guide tube of the High Flux Reactor of 

the Institute Laue Langevin in Grenoble. This aparatus provides pure Rb 

and Cs isotope beams with intensities of up to a few lo6 atoms per 
second focussed to an area of less than 5 mm diameter. The contamination 

by neighbouring masses or by other elements is lower than Several 

arrangements are used for beta, gamma and delayed-neutron spectroscopy as 

well as for the .measurements of 'and half-lives. Some of the results 

are discussed. 



Introduction 

ISOL systems are now commonly in use to produce pure samples of nuclei 

far away from stability. The major requirements are short. transport time, 

.high separation power and high efficiency. These c0nditic.n~ are easily 
1 fulfilled by the technique Bernas and Klapisch ) first used at the Orsay 

synchrocyclotron. The OSTIS ion-source is of the same type but slightly 

modified to fit the needs of an installation at a neutron guide tube. 

This demands a high concentration of target atoms into a small volume. 

Also stability over a long time is necessarjr to compensate fcr the low 

absolute intensity available by long measuring times. 

1. A short technical description of the nass separator OSTIS 

The name originates from: "On-line Massen-Separator fiir thermisch 

ionisierbare @altprodukte1'. A more general description of the apparatus - 
is given in A schematic drawing of OSTIS is shown in Fig. 1 

at ILL- Grenoble 

Figure 1. Schematic diagram of the OSTIS separator 
f a c i l i t y  as  i t  i s  ins'talled a t  a neutron guide of the 
High F l u  Reactor of the Ins t i tu te  Laue-Langevin. 



a s  it is  ins ta l l ed  a t  a neutron guide tube of t h e  ILL high f l u x  reactor  
2 i n  Grenoble with an izltensity of lo9n /sec.cm . The ion source and the  

t h  
e t  of t h e  separatQr a re  located behind a shielding of 1 m of concrete 

addi t ional  p l a s t i c  material t o  ensure t h a t  the  surrounding experi- 

ments a r e  not distul'bed by the  f a s t  neutrons or iginat ing from f i s s ion .  

The ion source consis7s of up t o  s i x  s labs  of porous grahi te  
3 (dimensions: 2 0 ~ 2 0 ~ 0 . 7  ma ) containing about 2 grams of enriched 235uranium 

as t a rge t  material.  The uranium oxide is  dis tr ibuted i n  c lus te rs  of a few 

pm s i z e  over the  whole volume by a special  techniqueey3) to  assure t h a t  

t h e  f i s s ion  fragments can penetrate these c lus te rs  and reach t h e  graphite 

where they diffuse by orders of magnitude fas te r .  These loaded graphite 

s labs a r e  placed i n  a rhenium container and heated up t o  1 9 0 0 ~ ~  by passing 

a ourrent through it. Fig.2 shows such a mounted source. 

The a l k a l i  elements diffuse 

very f a s t  out of the  graphite 

and a f t e r  lseing ionized on t h e  

hot surface leave t h e  oven by 
2 a channel of 1,5x0,4 nun act ing 

as  an entrance slit t o  t h e  sepa- 

ra to r .  The ions a re  accelerated 

by 20 keV, pass through a quadru- 

pole doublet, t o  shape t h e  beam 

properly, and a re  then bent by 

77.5 degrees i n  a magnet of 21.5 mm 

radius before they pass through 

t h e  e x i t  s l i t .  A second quadrupole 

doublet focusses t h e  ions on a 

spot of l e s s  than 5 mm diameter 

located 1 meter outside the  shiel-  

Figwe 2. OSTZS la 8ourcs mounted ding where d i f fe ren t  detection 

on a -ce holder. techniques can be applied. 



2. Ferf omance 

The cross contemination uf neighbouring masses is  l m e r  than .o-~. Due 

t o  d i f f e r e n t i a l  punping with 4 stages, t h e  contamination by r a r e  gases 

i s  a l so  lower than lo-*. No independent production of t h e  a l k a l i  ea r th  

elements i s  observed so t h a t  a very pure beam of rubidium o r  cesium 

isotopes is  produced. 

Figure 3. The measured B intensities at the exit of 
OSTIS are showq as black curves and as dotted curves 
the independent yields determined with the luunm half 
l ives of the gb and Cs isotopes. The absolute inteo- 
sity was determined for 92% and 1 4 0 ~ s  by absolutely 
calibrated y-ray measurements. 



Fig.3 shows the intensity available at the detector region measured with 

a beta counter and with a current probe absolutely calibrated by gamma- 

ray measuremenys of well-known nuclei. In the most abundant cases more than 
6 10 atoms per second are available. The overall efficiency is about 3%. 

The apparatus was built and tested at the reactor of the Technical Univer- 

sity of Munich and then brought to the High Flux Reactor in Grenoble. 

After one month of installation work, it became operational in November 1975. 

Since early 1976 the duty cycle was about 80% of the reactor time, that is 

fo say measurements were made on about 200 days of 24 hours in one year. The 

whole system is designed for automatic stand alone-measurements over-night. 

The best ion source withstood eight months of.continuous operation, while 

the longest measurements lasted 20 consecutive days. The organisation and 

the structure of the scientific work at the ILL and the special features 

of OSTIS made it possible for more than 28 experiments based on proposals 

to be carried out. Each experiments ran for an average beam time of about 

two weaks. 

3. Experiments performed during the last two years at OSTIS 

Tabe 1 shows all experimental activities and first results listed versus 

the mass of the isotope ranging from mass 88 to 99 for the rubidium and 

from 138 to 146 for the cesium isotopes. The different experiments will 

be discussed below in more detail together with their corresponding 

results. The first column of table I gives the actual intensity avai- 

lable at the detector. Up to 92~b and l4'cs roughly the cumulative 

yields of the corresponding mass chain is obtained because the biggest 

part of the rare gas atoms stays within the source until they decay to the 

alkaline elements and diffuse out quickly. For higher masses this contri- 

bution can be neglected. This measured intensity represents almost the 

independent yields. From the masses 98 and 145 onward the delay in the 
4 

ion source reduces the intensity further ). 

3.1 The independent fission yields of Rb and Cs Isotopes 

(This work was mainly carried out by S. Balestrini, LRL Los Alamos, 

and E. Koglin, G. Siegert ILL Grenoble) 

The second column of table I represents the independent yields of the 

rubidium and cesium isotopes. These yields are preliminary results since 

the data evalustion is not yet completed because of the involved corrections 



which have to be made for precursors and the diffusion delay in the icn 

source. The diffusion delay was measured by a fasr, neutron chopper moni- 

toring its efficiency by a 3 ~ e  neutron counter which records the fission 

neutrons originating from the source. 

In parallel the fission yields were measured with a small ion source cf 

only 2 q of 2 3 5 ~ .  The overall diffusion time in ;his source was about 

5 msec, much shorter than the shortest half-life of a nucleus concerned. 

Thus no explicit correction had to be applied to ;hese measurements. 

1 

' Figure 4 .  Yields  of Rb-isotopes obtained a s  explained 
i n  the t e x t .  

- 252 - 



Fig.4 shows the ion intensity versus magnetic field strength (i.e. isotope 

mass) in the light mass region with a chopped ne.utron beam. The difference 

f the two envelapes thus represents the independent yields of the rubidium 

~sotopes. Both measurements are in good agreement proving that the corrections 

applied to the measurements with the big source were done correctly5). 

3.2 Half-life 

(This work was mainly carried out by K. Wiinsch Uni Giessen, G. Jung, 

G. Siegert ILL Grenoble and F. Wohn Uni Ames) 

Figure 5. Growth and decay curves of mass 147 obtained 
from 8-aultiscaling. 

- 253 - 



Fig.5 shows the l3-countrate for the increase and decay of the nev isotope 

147~s. Included in the analysis is not only the 147 decay chain but also 

the 146 decay chain fed by delayed-neutron decay. All values obtained ky 
6 

B or y meesurements are in good agreement also with the literature ) and 
7 with the values hdependently determined by neutron counting 1. 

3.3 Bcta-end point energies and QR-values 

(This work was mainly carried out by K. Wiinsch, R. Decker, H. ~oilnik 

Uni Giessen, G. Siegert, G. Jung and E. Koglin ILL Grenoble) 

In column four of table I all obtained QB-values are showr. For dstermining 

the 8-endpoint energy, we used an intrinsic Ge-detector wkich has several 
8 advantages over a conventional plastic detector ) .  The resolution and the 

linearity are better than 2' This and the response function 50 mon2- 

energetic electrons (see Fig.6) was measured at the conversion electron 

spectrometer BILL at the ILL. 

S.  
In 
N. 

0 
2 :  

200 K E V  . . - 

Figure 6. The l a s t  1 MeV port ion of the  response funct ion 
of our i n t r i n s i c  Ge-detector t o  monoenergetic e lec t rons  
of 4 ,  6 and 8 MeV is shown. The width of the  main 
response peak i s  about 10 keV. Since the  ava i l ab le  
e lec t ron  i n t e n s i t y  decreased rapidly with e lec t ron  energy 
the  s i g n a l  t o  no i se  r a t i o  i n  the  th ree  response curves 
decreased considerable with increasing e lec t ron  energy. 

' 



To our knowledge this is the only device which can deliver a beam of 

electrons up to 1 1  MeV with an accuracy and energy spread of less than 

To assfle daily calibration we used the y-sensitivity of our 

5-detector in combination with a calibration source of 90-Rb (produced 
9 on-line) for which the y-lines are known up to 5.3 MeV ) .  Drift during 

a 20 hours measurement was controlled by measuring that no unnormal 

peak broade~ing of the y-rays was observed for y-lines present in the 

lower part of a beta-spectrum. A pile-up rejection logic extends the 

acceptable counting rate at the detector to about 2000 beta counts per 

second withcut any noticable 5 pile-up. All energy endpoint determina- 

tions were tased on at least two measurements with different counting 

rates. In paallel to the B-singles spectra we measured up to 8 beta- 

spectra coircident with the most interesting gamma lines, each of them 

with its corresponding background. The small width of the detector res- 

ponse peak>and its high resolution as well as the high intensity 

available for the Rb and Cs sources result in a high accuracy of the 

Q -values. 5 

Figure 7. Endpoint region of the 8 8 ~ b  beta-spectrum. 



Fig.7 shows the endpoint region of the B-spectrum of 88 Rb resultirg 
in a Q -value of 531227 keV which is in very good agreenent with known B 
values. For cases far away from beta stability, however, where beta- 

decay normaLly feeds levels high above the ground state one should 

point out that the decay-scheme has to be known very well for an un- 

ambiguous QB-determination. Otherwise one can easily miss a y-line and 

deduce a too low Q -value. In all such cas.es the Q -values should be regarded 
10 

B B 
as lower limits . ) .  

3.4 Delayed Neutron emission 

(This work was mainly carried out by J. Craqon, C. Ristcri CEN Grenoble 

K.L. Kratz, X. Ohm, Uni Mainz, K. Wiinsch Uni Giessen and G. Jung 

ILL Grenoble ) 

The delayed neutron emission (Pn) of Rb and Cs precursors has received 

extensive studies. At OSTIS these Pn values were determined using for the 

neutrons a conventional long counter of 12% efficiency and for the elec- 

trons a 2 n beta-counter. The Pn values for 147~s was measured here for the 

first time7). In parallel, measurements were made taking y-spectra where 

the delayed neutron branch feeds an adjacent beta chain. The relative 

strength of y-rays from well known daughters from each decay chain k-ere 

then used to determine the Pn value. This was done for 94~b1') and shoired 

good agreement, thereby establishing the reliability of ;his technique. 

(This work was mainly carried out by G. Jung ILL Grenoble, F. Wohn 

Uni Ames, H. Wollnik Uni Giessen, F. Schussler and E. Monnand CEN Grenoblel 

Gamma-spectrcscopy work on the decay of 143-147~s, started at the Lohengrin 

fission fragment separator by a group of the CENG, was contirued wit:? the nuch 

higher intensities at OSTIS. The work on Rb isotopes12) was continued from 

earlier work in Munich where first the delayed neutron emission to excited 

states of the final Sr nuclei were found. In particular the gamma-spectrum 

of 98~b was determined with y-y coincidences and the low energy level scheme 
13 of 98~r was deduced showing that the 2' level of 98~r is at 140 keV ). While 

all other neutron rich even-even Sr isotopes have their 2+ levels in the 

vicinity of 800 keV (see fig.8). 



Besides other observed facts this 

is a strong indication that 98~r is 

a deformed nucleus and that the 

predicted area of deformed nuclei 

near mass 100 begins here. 

+ 
Figure 8. The energy of the 2 levels of even-even 
nuclei drop sharply in going from 96Sr to 
This indicates an onset of nuclear deformation. 

3.6 Delayed neutron spectroscopy 

(This work was mainly carried out by K.L. Kratz, H. Ohm Uni Mainz, 

J. Cranqon, C. Ristori CEN Grenoble: 

Up to three higher resolution 3~e-counters were used to measure the energy 
-4 ' 

spectra of beta delayed neutrons. Despite the low efficiency of some 10 

and the strange timing behaviour (output-pulse up to 10 psec after the 

event) even coincidences with 'a 258 Ge-Li detector were made succesfully 

to investigate'the S-neutron-gamma decay. The singles spectra (an example 

is given in fig.9) show the kood energy resolution of about 13 keV as well 

as the discrete neutron enero peaks. This discrete neutron peaks are found 

in.all ~ ~ e c t ~ a ' ~ ) .  They are most significant in the case of odd rubidium 

precursors leading to even-even strontium final nuclei where the Q-values 

are high and the low energy level density is low. An initial coincidence 

measurement between neutrons and y-rays of the final nucleus yielded a very 

poor but significant spectrum16) mainly due to the low overall effi"iency 

of for the arragement. This measurement was repeated in August of this 



year, increasing the intensity delivered from OSTIS by a factc,r of four and 

using three instead of one 3~e-counters as well as counting fcr 3 weeks in- 

stead of 5 days. This increased the counting statistics by nearly two orders 

of nagnitude. 

----c NEUTRON ENERGY ( k e V )  

0 5 0 0  1000 1 5 0 0  
I I I -  

Figure 9 .  Energy spectrum.of the delayed neutrons 
emitted a f t e r  the beta decay of 95~b. 

3.7 Conversion electrons, 

(This work was mainly carried.out by J.v. Klinken, J. Feenstra Uni Sroningen, 

F. Schussler, E. Monnand CEN  ren noble) 

A mini orange conversion electron sprtctrometerlO) consisting of. permanent 

magnets and E. Si-detector was mounted for the first the. Due to experi-' 

mental difficulties only a few short measurements were possibl?. 

Fig. 10 shows the conversion electron spectrum of 144Ba measured in one 

howl8). 



Figure 10. Conversion electron spectrum of 1 4 4 ~ a  
obtained by using a mini orange energy f i l t e r  and 
a Si(Li)  detector. 
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install an off-line measuring position which allows also to work on the 
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Which Nuclei 

I want to discuss our efforts to understand the level structure and 
electromagnetic transitions for the even-even Palladium and Cadmium 
isotopes. In ?articular, we have studied all the even-even Palladium 
isotopes from X=102 to A=114 and all the even-even Cadmium isotopes from 
A=100 to A=122. The data for the last three Cd isotopes (ll*cd, 120cd 
and 122~d) wer? taken only very recently at TRISTAN I1 and their experi- 
mental analysis is preliminary. Accordingly, our theoretical results 
for these nuclzi must be considered tentative; the parameter values used 
for these nuclei fit the pattern of the values for the other Cd nuclei, 
however. 

These two isotope strings are of interest for at least two reasons. 
First of all, they comprise the 2=46 (Pd) and 2=48 (Ck) chains which are 
four and two protons respectively from the presumed shell closure at 
2=50, yet the nuclei of both chains exhibit strong collective features. 
Secondly, because they occur as fission decay products, the chains may be 
extended experimentally quite far to the neutron-rich side of stability. 
It is of strong theoretical interest to ascertain the effect of increas- 
ing neutron number on the collective features of these nuclei. . . 

Our interest in these isotope chairs began with l06pd about three 
years ago when we discovered that the level structure of that nucleus 
could not be.accounted for by anharmonic surface vibrations about, 
spherical equilibrium as was previously thought to be the case. Yet, 
BE2 ratios clearly indicated a strong collective nature for this nucleus. 
Furthermore, the energy spectrum was clearly not that of a pure rotor. 
This really left only the possibility of some sort of rotation-vibration 
model and we found that a modification of the ~av~dov-chabanl model 
could be applied with great success. Let me review that model very 
briefly. 

The Model 

The model presupposes a permanently deformed nucleus which undergoes 
both rotation and breathing-mode vibrations. The essential features of 
this model are shown in Figure 1. The variable 6 describes the nuclear 
deformation ard these breathing-mode (non-angular momentum carrying) are 



presumed to occur'in harmonic approximation about an equilibrium value 
Bo. In addition, there exist rotations of the asymmetric nucleus whose 
asymmetry is given by the parameter y. The Euler angles of orientation 
of the principal axes of inertia relative to the laboratory frame are 
denoted by 0i. One sees that these rotations enter the vibrational 
Hamiltonian in a manner analgous to the centrifugal barrier in a threr- 
dimensional oscillator. The rotor energies, EIN (y) are labeled by the 
angular rnomentum I and an ordinal number N. The assumed A-type symmecry 
for this rotor results.in one 1=0 state (which will become the ground 
state), two I=2 states, one 1=3 state, three I=4 states, two 5 states, 
etc. 

For a given rotor state (IN) the vibrational potential energy is 
the sum of the parabolic potential about Bo and the centrifugal barrier 
term. A parabolic approximation for this complete potential is made 
with the result that vibrations occur about an equilibrium BIN which 
depends upon the rotation energy. The strength of this coupling between 
rotations and vibrations is measured by the model parameter p .  For 
small p (near 0) the rotations and vibrations are essentially uncoupled 
while for large u (nearer 1) there is considerable mixing; the nucleus 
is said KO be quite soft. The dependence of the dynamic equilibrium BIN 
on the rotor energy results in a depend'ence of the vibrational quantum 
number vn on the rotor energy. Thus the vn are not integers ant we use 
instead an ordinal number n to label the particular 6-vibration band: 
n=l is the ground-state (lowest) 6-vibrations, n=2 is the first excited 
6-band, etc. The rotation-vibration energies are as indicated snd 
depend upon three model parameters only. These are the stiffness p ,  the 
asymmetry y and the scale energy nuo. These are adjusted to fit the 
spectrum of a nucleus to which the model is applied. 

We have found it necessary to assume, in addition, =he existence of 
another degree of freedom. This additional degree of freedom is n3t to 
interact strongly with the rotations and vibrations, but rather to 
reproduce complete rotation-vibration bands similar in structure to that 
which contains the ground state. These additional sequences begin at 
some excitation energy with a 0+ state. Later, I shall indicate w>at we 
now believe this additional degree of freedom to be. We label each 
sequence by an ordinal number S. The sequence of rotation-vibration 
bands which contains the ground state is labeled S=l. A typical s?ectrum 
is shown in Figure 2. 

The Pd Isotopes 

Figure 3 shows both the experimental and theoretical energy levels 
for lo6pri. In this and subsequent figures, levels with a star were not 
used in the fitting procedure which determines the model parameters. 
One sees in lo6pd three very well developed rotation-vibration sequences. 
Including the sequence heads there are 9 effective parameters used since 
y and Rwc, but not p ,  were allowed to vary from sequence to sequence: 



There are 34 known levels below about 3500 keV and of the 23 model 
levels shown, 20 may be correlated with experimental levels of the 
correct spin. The remaining three higher spin levels are not yet known 
experimentaly. The agreement between theory and experiment is really 
very good. The uncorrelated experimental values are all thought to be 
low spin and in many cases their spin is extremely poorly known. The 
yrast states (the 6111, 8111 and 10111) were not known experimentally at 
the time this calculation was done, yet apart from the 10+ located 
experimentally at 3532 keV but predicted at 4419 keV, the agreement with 
these states is reasonably good. The model prediction of the high-spin 
yrast states as too high persists throughout the Pd nuclei where such 
high spins are known. This clearly indicates that the present model 
does not have a sufficient amount of effective back-bending. 

Figure 4 shows the case of lo8pd where a great deal less is known 
experimentally. The agreement between theory and experiment is again 
quite good and one sees a second well-developed sequence and the pre- 
sumed sequence head of the third. Figure 5 shows a quite similar 
situation for IlOpd. Figure 6 shows the cases of 112pd and 114pd where 
there is very little known experimentally. There is real need for 
further experimental study of these nuclei particularly 114pd for which 
only the yrast states are known. 

Fi ure 7 shows the case of 104~d which displays two sequences. As f with Pd, the agreement between theory and experiment is excellent. 
There are, as with lo6pd, some experimental levels which cannot be 
correlated with the theoretical predictions. In 104~d these include 
some presumed spin 2 and spin 3 levels. I shall comment more about 
these later. We also show the variable moment of inertia (VMI) model 
predictions cf the yrast states as reported by Cochari g.2 Using 
root-mean-sqcare error as a criterion, the present model apparently does 
a better job of predicting the location of these states than does the 
VMI model. 

In Figure 8 we show the two experimental spectra proposed for 
lo2pd. .The theoretical agreement is sometimes with one scheme and 
sometimes with the other. I understand that the experimental dichotomy 
has been rescalved but the results are not yet published. Again we show 
the VMI result and again the current model has better overall agreement 
with the yrast states than does the VMI model. There is no known second 
sequence in this nucleus and I shall comment further on that later. 

Figure G shows the trends in the model parameters. This illustrates 
that all the Pd isotopes except for A=102 are relatively stiff, but 
lo2pd is quite soft. The asymmetry of the ground state sequence (denoted 
by circles) increases modestly from A=102 to A=114. The energy of the 
first 2+ state (the 2111) largely dictates the value of hwo and the 
upper part of the figure shows that this parameter slowly decreases with 
increasing A. In a sense, the smaller the value of hwo, the "more 
collective" is the nuclear behavior. Figure 10 displays essentially the 



same information by states except that relative energy has been used; 
the 2111 state has been assigned the energy value 1. Perhaps the most 
interesting thing about this graph is the movement of the 6-band head, 
the 0121 level.. The location 3f this level is dictated largely by the 
value of .J and. to a lesser extent the value of hwo relative to the 2111 
actuzl ensrgy. What this graph shows then is that relatively small 
changes in p (when !J is.considerably less than 1) result in large 
changes.in.the relative position- of the 0121 level. This shows that 
there is irery little tolerance in this parameter for good agreement 
between theory and experiment. The fact that we have goo3 success in 
fitting the levels of all these nuclei would seem, therefxe, to indi- 
cate that this model represents a great deal of the truth concerning the 
collective description of these nuclei. Presuming that such exists, 
whatever the ultimate model description is for these nuclei, said model 
will have to have many of the features of this relatively simple collec- 
tive model. . 

As a test of the model wavefunctionswehave also computed BE2 
ratios and compared them with sxperiment where such infornation is 
available. The results are shown in Figure 11. There are only a few 
apparent descrepancies. For both 1°8pd and llOpd the 2211-2111 transi- 
tion seems badly described. But, it is noted in the literature3 that 
the MI-E2 mixing ratio for the transition in lo8pd can only be deter- 
mined experimentally to be eitner -5.2 or -0.73. The quoted experi- 
mental BE? ratio presumes the former value, but theory favors the latter 
value. There is no indication in the literature of a similar situation 
for ll@~d, but the theory certainly suggests that such might be the 
case. In any case, the existence of any M1 component is a thorn in the 
side of any purely collective zheory since all such theories must of 
necessity predict no M1 transizions. This gives a clue as to what the 
remaining degree of freedom ought to be. The 0112 + 2111!2111 + 0111 
ratio was calculated as if there were no sequence change, so disagreement 
between theory and experiment here displays our ignorance as to the role 
played by this extra degree of freedom. Before I discuss that extra 
degree of freedom let me briefly summarize the situation for the Cd 
isotopes. 

The Cd Isotopes 

We have fitted the spectra of all the Cd isotopes from A=100 to . 
A=122 with a fair degree of success. The experimental information for 
the Cd isotopes is in much worse shape than for the Pd isotopes; in mar-y 
cases very little is known. Accordingly, I shall only show a few cases 
to i) indicate the general quality of the agreement, ii) show the 
similar2ty'between the Cd nuclei and the Pd nuclei, and ili) to point 
out some'differences between.the spectra of these two chains which we 
feel are.important clues to the behavior of both. 



We begin with lo6cd shown in Figure 12. The agreement between 
theory and experiment is really very good including that for the 
presumed 8+ yrast-state at 3406 keV. Next, in Figure 13 we show the 
case for l12cd where as with llOcd and 114cd there appears to be a 
second sequence head near 1200 keV. There is so little known experi- . 
mentally that we cannot go much further with this nucleus at present. 
The preliminary data for l18cd taken by the TRISTAN I1 group at Iowa 
State is shown in Figure 14. The model can account for most of the 
tentative levels shown.and appears 'to agree reasonably well with . 
experiment. This apparent agreement may be a little misleading in that 
it suggests that one of the triplet near 1920 keV ought to be a 4'. 
Very preliminary beta decay feeding analysis suggests that one of this 
triplet is probably a O+ in contradiction to the theoretical prediction. 
Presumabl the 4+ which would correspond with the 4211 level is unseen 
and if l2$Cd is a guide, would be expected below the triplet near . -  
1920 keV. The case for 122~d is shown in Figure 15. Again the experi- 
mental data is from ISU and for this isotope the experimental analysis 
is essentially complete. The experimental spins have been assigned 
largely on the basis of beta decay information, but the 19.79 keV-level 
is almost certainly either a 3' or 4+ with the latter favored a bit. 
The theory would agree, but would place this level higher by an error 
which is much worse than any seen in the Pd isotopes. Furthermore, the 
relative branching ratios for transition among these levels of 122~d .are 
not very well described. This is rather curious since for other Cd 
isotopes the BE2 ratios are rather well predicted as shown in Figure 16. 

It seems safe to conclude from these Cd studies that the extra 
degree of freedom (responsible for the multiple sequences in the Pd 
isotopes) interacts more strongly with the collective degrees of freedom 
than in the Pd isotopes. But, this extra degree of freedom apparently 
does not alter much the E2 transition probabilities from those predicted 
only on the basis of rotations and B-vibrations. We suppose then that 
the poor description of the branching ratios in 122~d must be due to 
large (unaccounted for) M1 components. So, let us turn to this extra 
degree of freedom. 

. , 

The Extra Degree of Freedom 

Before I tell you what I think the extra degree of freedom is, let 
me tell you what it is not. Prior to our undertaking the Cd studies 
we attempted to describe this extra degree of freedom as y vibrations. 
That is, instead of treating the asymmetry as.a parameter.we allowed 
it to be a variable oscillating about some equilibrium value yo. The 
y-part of the potential had the form ~ ~ ( y - y ~ ) ~  and we refer to this as 
the quadratic model. There is then one additional parameter, but our 
hope was to fix all the levels with just hwo, p ,  yo and Cy. The results 
for lo6pd are shown in Figure 17. The ground state rotational band 
is somewhat better predicted than before as is the excited B-vibration' 
band associated with it. But, the first excited-sequence head seen ' 



experimentally at 1134 keV is predicted to lie at 6033 keV. The position 
of this y-band head is dictated largely by the value of Cy, and any 
attempt to lower this y-band head below the first 6-band head (of the 
ground state sequence) destroys agreement with the ground state sequence. 
The reason for this is that a fairly large value of yo is required in 
order that y stabilize about yo which is the approximation of the 
Davydov-Chaban model. But as one sees in Figure 18 the y-band head 
rises rapidly with increasing Cy. In that figure P labels the seniority 
which is a good quantum number at Cy=O. The y-band head is a seniority 
3 state which is degenerate with the ground state 3,4 and 6 levels 
when Cy=O. As Cy is increased to bring about onset of the validity of 
the Davydov-Chaban approximation to the original quadrupole surface 
oscillation problem (and thereby agreement with the ground state sequence) 
the y-band head rises rapidly. It becomes painfully clear that the extra 
degree of freedom is not y vibrations; all we got for our effort was 
a vindication of using the Davydov-Chaban model in the first place. 

So, that leaves only the possibility of particle motion. From our 
experience in the Pd isotopes it seems clear that the predominant mode 
of motion of these extra-core particles will be as zero-coupled pairs. 
These are sometimes referred to as pairing-vibrations, but to avoid 
confusion with the collective vibrations, I shall call them zero-coupled 
pairs or quasi-bosons. We have not as yet done a full and proper cal- 
culation to incorporate these into the collective motion. We have done 
some rather simple calculations to determine whether or not this idea is 
qualitatively correct. These I shall discuss. 

First of all, one might regard the ground state of lo8pd as the 
action of a zero-coupled neutron pair creation operator acting on the 
ground state of lo6pd. Similarly, the ground state of lO4pd would be a 
(different) zero-coupled two neutron destruction operator acting on the 
ground state of 106pd. This is indicated symbolically at the top of 
Figure 19. Then, there should be an excited state in 106pd which is the 
result of the pair creation operater acting as the ground state of 
lo4pd. Its excitation energy would then follow from binding energy 
differences. For 106~d this yields 867 keV. This is to be compared 
witti the ex erimental energy of 1134 keV. One can repeat this process 
for lo4pd, 108Pd an* llOpd. The results are shown. If we do simple 
scaling to the 1333 keV level in 104pd then this approach would predict 
a first excited O+ level in 1'36pd at 1163 keV which compares favorably 
with the 1134 keV experimental value. Indeed, the trends are correct up 
to I1Opd. This seemed encouraging, so we preceeded to a somewhat more 
complicated scheme along the.same lines. The lower part of Figure 19 
shows the idea. For each of 98~d to l12pd we list the shell configura- 
tion based upon i) the shell ordering thought to be correct near the 
beginning of the major shell at N=50 and ii) use of only that ccnfigura- 
tion in which the shells are filled in order. This is, of course, a 
great over-simplification but is useful. Also shown are the birding 
energy differences. Then we consider the 0+ states of 106pd. The 
ground state would be (d512)6(s112)2(d3/2)2 and the first excited state 



would be (d5/2:~6(s1/2)2(d3/2)O(g7/2)2. To determine the energy of this 
state we start with the ground state of IlOpd. If all other things were 
left unchanged the destruction of the (d312)4 (or two "(d3/2)2-~+ pairs") 
would cost 32401 keV. The ground state of llopd is 30,718 keV below that 
of 106pd so this state is at 1683 keV excitation. 

Similarly, the (d5 2)6(s1/2)0(d3/2) 4 is at 1861 keV excitation and 
there are two nore simpie configurations as indicated at 2676 keV and 
3109 keV. To simplify further, we consider these only in pairs and 
presume that whatever the interaction that mixes them is, it has a 
diagonal contribution A and an off diagonal part 6. We then force the 
diagonal 2x2 matrix to have eigenvalues at 1134 and 1706 keV. These are 
the first two sequence heads in l06pd. This yields A=352 keV and 
6=272 keV. Then, using these same values we consider the next two 0+ 
states and find that the next sequence head should be at 2190 keV. 
There is a O+ state in lO6~d at 2001 keV which we presume starts the 
fourth sequence so this again looks promising. 

Finally let me turn to a somewhat more detailed, but still overly 
simplified, calculation. We have treated all the neutrons beyond N=50 
in a quasi-boson approximation. If there are Np zero-coupled-pairs we 
use as a basis the set of all possible ways of placing these Np zero- 
coupled-pairs In the orbitals d5/2, s1/2, d3/2 and 8712 consistent with 
not more than three pairs in the d5/2 state, etc. This is the only way 
in which the Pauli principle enters; no attempt is made at antisymmetri- 
zation among s~ngle particles making up the quasi-bosons. The excita- 
tion energy associated with each configuration is determined by using 
the experimentally-determined shell spacings (determined near the N=50 
nuclei and possibly not entirely correct here). We have used as a 
residual interaction a quadrupole-quadrupole plus pairing interaction 
between the two neutrons which make up a quasi-bossn. This interaction 
is denoted by Vij in Figure 20. This interaction involves two parameters: 
C, the strength of the quadrupole-quadrupole term and G, the pairing 
strength. We then did a X-squared fit to these two parameters to obtain 
the best values for predicting the first two sequence heads in lo6pd, 
lo8pd and Ilopd. G has the usual form of a constant divided b the 
number of nucleons from which we could obtain the values for lZ2Pd, 
lo4pd, l12pd and 114~d by extrapolation. The values for C obtained by 
X-squared fit were fitted to a parabolic interpolation and thus we could 
extrapolate the values for the indicated Pd isotopes. This is more 
dangerous than the extrapolation for G. In the end then, we have but 
one data point to compare: the excited sequence head in 104pd. This 
simple calculation predicts 1340 keV and experimentally the state is 
seen at 1333 keV. The extreme accuracy of the prediction is without a 
do bt fortuitous, but we note that the first excited sequence head in 
loYPd is predicted to lie near 3200 keV. Such a high-energy 0+ might be 
difficult to see and if cross sequence transition probabilities are 
small, one might have difficulty detecting the other states of this 
excited sequence. This theory also predicts sequence heads at quite low 
energies for l12pd and 114~d. The experimental data for these nuclei is 



sparse and they will no doubt be studied in more detail in the future. 
We look forward to seeing whether or not our predictions prove true. 

The qualitative and quantitative success of these simple calculations 
are encouraging and suggest that this line of approach to the understanding 
of the Pd and Cd isotopes be pursued. Several improvements will be required. 
It would, of course, be essentially impossible to deal properly with all 
the neutrons (and protons) outside whatever really constitutes the 
collective core and in any case, this quasi-boson approximation lsoks 
quite promising. To have any chance to explain the cross-sequence 
transitions in the Pd nuclei and the apparently stronger interaction 
(between particle and collective motion) in the Cd nuclei one must 
i) consider an explicit interaction between the quasi-bosons and the 
core, ii) allow for explicit interaction amonf the quasi-bosons, and 
iii) expand the basis to include other than 0 quasi-boson states. The 
latter is particularly impor.tant since one might expect the explicit 
core-boson interaction to be predominently the coupling to 0 of a core 
surface ccordinate (an angular momentum 2 quantity) to a second rank 
tensor in the boson space. This interaction will only have non-zero 
matrix elements for boson states of angular momentum greater than 0. 
Further, the large number of low spin states seen at moderate energies 
in lo6pd and lO4pd could likely be the coupling of a single core phonon 
(2') to a 2' quasi-boson state. The stretched case, coupled to 4+, 
would be expected to mix strongly with the 4' collective states and 
hence alter their positions and branching ratios. One expects the BE2 
transition (except for cross-sequence ones) to be dominated by collec- 
tive effects because of the collective enhancement of the E2 operator. 
But, the coupling of quasi-boson to collective core states will allow M1 
transitions. The total angular momentum operator will be the sum of 
that due to the core and that due to the bosons. The magnetic dipole 
operator will be the sum of collective and boson operators with pre- 
sumably different gyromagnetic ratios. Hence the M l  operator will not . 
be proportional to the total angular momentum operator and M1 transitions 
can occur. It would appear that a collective core-quasi-boson model has 
all the necessary ingredients for success; whether this promise is . 
realized or not must await future research. 
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Figure 1. Summary of the Davydov-Chaban model. 



Figure 2. Typical rotation-vibration sequences. 



EXP. THEORY 

I06 pd 

Figure 3. Comparison between theoretical and experimental 
spectra for 106pd. New experimehtal levels are enclosed 
in parentheses to facilitate their location; starred 
theoretical levels are not used in determining the model 
parameters. The theoretical states are labeled by INnS 
as explained in text. The model parameters are: u - 
0.392; 1st sequence: y = 25.Z0, 6w - 2174 keV; 2nd 
sequence: y = 22.20, hw = 1927 keV; 3rd sequence: y = 
24.g0. hw = 2302 keV. 



0113 - 1314 
INnS keV 

0- 0 0111 - 0 
I kaV lNnS kaV 

EXP. THEORY 

Io8Pd 

Fi ure 4. Comparison between theory and experiment for 
10EF'd. The labels INnS are explained in text and starred 
levels were not used to determine the model parameters. 
These parameters were: v = 0.370; S = 1: y = 26.1°. fio = 
2019 keV; S = 2: y = 26.7O, Kw = 2264 keV. 



0- G 0111 - .. 0 
I kdd IhkS kbV 
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. . 
Figore 5 .  Theoretical and experimental spectra for  'lOpd. . 
The labe le s  INnS are.explained i n  t ex t :  Starred l e v e l s  
were not u s e d . i n  f i t t i n g .  The model parameters were: 
p = 0.41;  5 ' 3  1 :  y = 25.340r Rw = 1458 keV; S = 2 :  y = 
300, Rw = 941 keV. 
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' I4  Pd 

Figure 6. The experimental and theoretical spectra for 
112Pd and 114pd. The parameters for 112~d are: v = 
0.51, y = 25.40, hw = 994 keV. For 114~d the model 
parameters are: )I = 0.33, y - 27.3', RW - 1925 keV. 



I keV . I keV lNnS kaV 

V M I  EX? TIIEORY 

Io4 Pd 

Fi ure 7. Comparison between tteory and experiment for 
10'Pd. The model parameters are: v = 0.553; S = 1: y = 
22.30, Bw - 1487 keV; S = 2: y = 25.20, hw = 1176 keV. 
The spectrum labeled VMI is on the basis of the variable 
moment of inertia model. 
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Figure 8. The level structure of lo2pd. The experimental 
scheme labeled B is that due to the Brookhaven group and 
that labeled P is proposed by the Purdue group. The 
starred theoretical levels were not used in fitting the 
model parameters u - 1.3, y = 20.3', l i w  = 1089 keV. 



Figure 9 .  Trends i n  the model parameters. Figure 10. Experimental energies of the low lying s t a t e s  
of the even mass Pd isotopes as  ident i f i ed  by the model. 
The r a t i o  with respect to the f i r s t  2+ s t a t e  (2111) is  
graphed with EZll1 s e t  equal t o  1 uni t .  



B(E2) RATIOS 

Theoretical Value 
llNlnlsl + 12N2n2S2 Experimental Value 

13.N3n3S3 + 14N4n4s4 104 106 108 110 

a ~ f  the mixing r a t i o  l a  -0.73 f 0.10 the experimental values become 28 f 8 and 2.95 + 0.91 respectively.  

Figure 11. Cornparisuu brLwrru Llir e l~ruret lca l  and 
experimental B(E2) rat ios  for transit ions between 
t h e  i n d i r a t ~ d  s t a t c s .  



Figure 12 .  Comparison between theory and experiment for  
lo6cd. 



Figure 13. Comparison between theory and experiment 
for . 1 1 2 ~ d .  



Figure 14. Theory and experiment for '18cd. 



Figure 15. . Theory and experiment for 12*cd. 



Figure 16. BE2 ratios for-the Cd isotopes. 
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POTENTIAL 
2-512 2 - 1 4  

0 - 0  0 -0  . 
I KeV I KeV 

Figure 17. Application of the quadratic potential model 
to 106pd. The experimental levels used in determining 
the parameters are shown at the left. Some of the other 
experimental levels are also indicated as well as the 
model predictions. 

Figure 18. .Development of selected levels of the quadratic 
potential model. At Cy = 0, !L is a good quantum number 
and is listed in square braces. The development is not 
shown for levels whose spins are placed in parentheses. 
The (0,2,2) states of the ground state, y-vibrational, 
and first two %-vibrational states are traced with dashed 
lines. 



~ i ~ u r &  19.  Two simple approaches t o  the 0' sequence heads. 



Figure 20. Zero coupled pair calculations for the Pd isotopes. 
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' I n  co l l abo ra t ion  with t h e  Tandem Van de Graaff s t a f f  a t  t h e  University 

of ~ e n n s ~ l v a n i a '  t h e  r eac t ion  1 0 ~ e ( t , p j 1 2 ~ e  a t  Et = 12 MeV has been used t o  study 

the  p rope r t i e s  cf 12Be. The f i r s t  exci ted  s t a t e  of 12Be has been found t o  l i e  

a t  2.110 2 0.015 MeV and t o  have J = 2 from p,y angular cok re l a t i on  measure- 

ments. us ing a chopped beam t h e  search  f o r  delayed neutrons from t h e  decay of 
I . .  

12Be was negat ive .  However, t h e  decay curve f o r  B rays can be f i t t e d  only i f  a 

h a l f - l i f e  component of about 25 msec f o r  12Be is included along wi th  the  a c t i v i -  

8 t ies.  12B, ' ~ i ,  and Li known t o  be present .  A review of t h e  search  f o r  new 

' 

TZ = +5/2 i so topes  i n  t h e  s-d s h e l l  a t  t h e  Brookhaven Tandem Van de Graaff is 

presented  and r ecen t  r e s u l t s  on the  TZ = +3 nucleus 34~ i ,  formed i n  t h e  

34 180(180,2p) S i  r eac t ion ,  a r e  out l ined.  U t i l i z i n g  new ion-source techniques t o  

9 9 55 form a beam of Be ions  t h e  r eac t ion  4 S ~ a (  Be,pn) V has  been used t o  f i n d  and 

itudy the  new isotope  5 5 ~  of 6 Sec h a l f - l i f e .  The extens ion of t hese  techniques 

t o  h igher  Z may be  poss ib l e  although r ecen t  s t u d i e s  of heavy-ion r eac t ions  

i n d i c a t e  t h a t  the  cross  s e c t i o n s  may be very smal l .  

* ~ e s e a r c h  supported by t h e  Department of Energy under Contract  No. EY-76-C-02-0016. 

- 289 - . . . .: 
. . .  . . 

. . .  
. . 



I. Int roduct ion  

The search  f o r  new i so topes  and the  s tudy of t h e i r  p rope r t i e s  i s  very 

useful  f o r  t e s t i n g  the  p r e d i c t i o n s  of var ious  t h e o r e t i c a l  models. Spectroscop: 

information on l e v e l s ,  s ? in s ,  p a r i t i e s ,  and l i f e t i m e s  can be compared wi th  s h e l l  

model p red ic t ions ,  f o r  example. Mass values  of n u c l e i  f a r  from the  l i n e  of 

s t a b i l i t y  can t e s t  t h e  t h e o r e t i c a l  p red ic t ions  of t h e  Garvey-Kelson formulation 

o r  o the r s  such a s  the  modified s h e l l  model. The measured values  of mzsses pro- 

v ide  new input  information f o r  r e f i n i n g  the  p red ic t ions  of u.asses e7Jer. f a r t h e r  

from s t a b i l i t y .  

I n  the  p re sen t  paper two experimental  programs a r e  d iscussed,  t he  f i r s t  

being a  s d r i e s  of i ~ v e s t i g a t i o n s  of t he  nucleus 12Be an, t he  second a  review of 

e a r l i e r  work on T  = +5/2 n u c l e i  i n  t he  s-d s h e l l  a t  Br~okhaven and new r e s u l t s  

on 3 4 ~ i  and 5 5 ~  both found r ecen t ly  us ing heavy-ion r eac t ions  a t  t h e  Tandzm Van 

de Graaf f  . 
11. S tud ie s  of "Be 

A. Background 

12Be is a  T~ = +2 nucleus ' tha t  l i e s  3 neutrons  acay from t h e  only s t a b l e  
. . 

Be isotope .  I t s  ground a t a t e  has  analogs i n  '*B a t  1.2.71'Me~ and i n  12c a t  

27.61 Me" a s  i nd ica t ed  i n  Fig.  1. s tudies1  of t h e  14C(p,t)12C and 1 4 ~ ( p , 3 ~ e ) 1 Z ~  

r eac t ions  showed t h a t  t he  second I = 2  s t a t e  i n  both 1 2 B  and 12c l i e s  about 2 

3  MeV abo-~e the  f i r s t  T  = 2  s t a t e ,  but t h e  t and He angular  ~ i s t r i b u t i o n  da t a ,  

while seeming t o  favor  J = 0 f o r  t h e  upper s t a t e ,  were not d e f i n i t i v e .  =an- 

while Barker2 has predic ted  t h a t  t h e  second T' = 2  s t e t e  i n  = 12 should have 

The most s t r a igh t fo rward  way t o  s e t t l e  t he  ques t ion  cf  t he  s p i n  of the  

second T  = 2  s t a t e  i s  t o  form t h e  f i r s t  exc i t ed  s t a t e  of l 2 ~ e  using the  



12 ' O ~ e ( t , ~ )  Be r e a i l i o n .  Since the 'ground s t a t e  of 12Be is even-even and there- 

n + 
.e must neces sa r i l y  have 3 = 0 then t h e  f i r s t  exci ted  s t a t e c a n  decay by ' 

y-ray emission only i f  J # 0. 1f y rays  a r e  emit ted  i n  t he  decay, then a 

measurement of t he  p,y angular c o r r e l a t i o n  can e s t a b l i s h  the  sp in .  
' 

Two previous experiments have been performed t h a t  have measured t h e  mass 

of 12Be but have given conf l i c t i ng  evidence f o r  t h e  pos i t i on  of t he  f i r s t  exci ted  

7 7 12 3 s t a t e .  Using the L i (  Li,2p) Be r eac t ion ,  Howard, Stokes,  and Erkki la  found 

a mass excess of 2ch.95 f 0.10 MeV f o r  ''~e a ~ d  weak evidence f o r  an exc i t ed  

s t a t e  a t  0.81 ? 0.10 MeV. In  the  o the r  experiment E a l l  g a1.4 s tud ied  the  

r eac t ion  1 4 ~ ( 1 8 0 , 2 0 ~ e ) 1 2 ~ e  and obtained a 123e mass excess of 25:05 ? 0.05 MeV 

i n  agreement wi th  t he  Los Alamos r e s u l t ,  but they found t h a t  t h e  12Be f i r s t -  

exc i t ed  s t a t e  i s  a t  2.09 ? 0.05 MeV wi th  no evidence f o r  a s t a t e  a t  0.81 MeV. 
. . 

Only one experiment has  been repor ted  on the  decay of 1 2 ~ e .  Using G ~ V  

proton bombardment of var ious  t a r g e t s  Poskanzer, Reeder, and Dostrovsky 5 

repor ted  a delayed neutron a c t i v i t y  having a half-l i .Fe of 11.4 ? 0.5 msec which 

was a t t r i b u t e d  t o  12Be decay. A @-ray branching of 7% t b  neutron-emitt ing s t a t e s  

was es t imated.  However, t h e  assignment was based i n  p a r t  on the  assumed p a r t i c l e -  

i n s t a b i l i t y  of ' l~i ,  and i t  was shown s h o r t l y  af terwards  by Poskanzer and" ' 

o the r s6  t h a t  l l ~ i  is not  only p a r t i c l e  . s t ab l e  but branches 61% t o  delayed neutron- 

t t i n g  s t a t e s  and has T = 8.5 msec. ' The assignment of. 12Be was thereby 
112 

placed i n  doubt. I f  12Be were a delayed neutron emi t t e r  i t  sho.~ld  be r e l a t i v e l y  

easy t o  d e t e c t ' t h e  neutrons and t o  measure t he  h a l f - l i f e  by forming it i n  t he  

12 1°Be(t ,p) Be r eac t ion .  

12 
B. 1°13e(t ,p) Be Coincidence Experiments 

12 
Experiments on the  10Be(t,p) Be r e a c t i o n  were made poss ib l e  t h ro lgh  the  

unique combination of ''Be i a r g e t s  t h a t  had been f ab r i ca t ed  a t  Brookhaven by 



D. R. Goosman and the  t r i t o n  beam produced r ecen t ly  a t  t h e  Univers i ty  of 

Pennsylvania Tandem Van de Graaff.  S t a f f  members a t  Penn who col labora ted  i n  

t h i s  work inc lude  D. P. Balamuth, H. T. Fortune,  3.  M. Lind, L. Mulligan, 

K. C. Young, R. Middleton, and R. W. Zurmiihle. 

The spectrometer used f o r  t he  p,y coincidence measurements has been 

descr ibed p r e v i ~ u s l y . ~  Protons a r e  de tec ted  a t  0' by magnetic d e f l e c t i o n  onto 

a pos i t i on - sens i t i ve  counter and -/ rays  i n  foilr NaI(T!L) c rysca l s  a t  var ious  

angles  around the  t a r g e t .  The ''Be t a r g e t  was a 94% enriched sample of ''Be0 

2 
100 ug/cm th i ck  deposi ted  on a 1.0-mg/cm2 t h i c k  Pt  backing. This was bombarded 

with a 12-Mell beam of t r i t o n s .  

Figure 2 shows t h e  s i n g l e s  and coincidences proton s p e c t r a  from which t h e  

energy c f  t h e  ''Be f i r s t  exc i t ed  s t a t e  is measured t o  be 2.110 -+ 0.015 MeV. The 

coincidence -{-ray spectrum i n  Fig. 3 immediately demonstrates t h a t  J # 0 ~ n d  i n  

Fig; 4 t h e  angular  c o r r e l a t i o n  c l e a r l y  e s t a b l i s h e s  J = 2 f o r  t h i s  exc i t ed  s t a t e .  

C.  6 Decay Experiments on ''Be 

A f a sc  chopper, cons i s t i ng  of a r o t a t i n g  d i sk  wi th  s l o t s ,  was s e t  up on 

the. main beam l i n e  of t h e  Penn Tandem Van de Graaff i n  order  t o  i n v e s t i g a t e  t h e  

delayed a c t i v i t y  following t h e  ''Be + t bombardment. The ''Be0 t a r g e t  had a 

th ickness  of 600 ug/cm2 on a t h i c k  Pt  backing and t h i s  was placed ir; a 2,5-crn 

d i a .  g l a s s  t a r g e t  chamber. A 12-YeV t r i t o n  beam ac t iva t ed  t h e  t a r g e t .  

I n  t he  f i r s t  t e s t  a 3 ~ e  p ropor t iona l  counter was placed a few cm from 

the  t a r g e t  and the  e n t i r e  t a rge t -de t ec to r  assembly was surrounded wi th  p a r a f f i n  

blocks.  Counts due t o  thermalized neutrons were mul t i sca led  fo l lowing each beam 

b u r s t  on t h e  t a r g e t .  The sequence t o t a l e d  about 475 msec cons i s t i ng  of 35 msec 

of bombardment, a wai t  of 10 msec, and counting a t  0.8 msec per  channel f o r  500 

channels.  Delayed neutrons were observed, but t h e  decay curve exh ib i t ed  only a 



s i n g l e  component corresponding t o  t h e  178-msec decay of ' ~ i  formed i n  t h e  

9 1°Be(t,a) .Li  r ea s t ion .  An upper limit of about 1% was estimated f o r  poss ib l e  

: branching of 1 2 ~ e  t o  delayed neutron-emitt ing s t a t e s ,  assuming 12Be has a 

h a l f - l i f e  in' t h e  10-30 msec range. 

By changing t o  a 7.5-cm d ia .  by 5-crn t h i c k  p l a s t i c  s c i n t i l l a t o r  placed 

next  t o  t h e  g l a s s  t a r g e t  chamber, t he  decay of 0 rays was s tud ied  using t h e  same 

12 
t iming regime. One expects  20-msec 1 2 ~  from t h e  1°Be(t ,n) B r eac t ion ,  ' ~ i  of 

8 8 178 msec a s  mentioned above, and 0.8' s ec  L i  from t h e  'Be(t , a )  L i  r eac t ion .  The 

r e s u l t i n g  decay curves f o r  6-ray b i a se s  of 3 and 6 MeV could not  be f i t t e d  

assuming only these  t h ree  components but f i t s  were s a t i s f a c t o r y  i f  a fou r th  

component of about 25 msec was a l s o  assumed t o  be present .    he i n i t i a l  i n t e n s i t y  

of t he  25-msec a c t i v i t y  would be about 1 / 3  t h a t  of t h e  1 2 ~  and 114 t h a t  of t he  

' ~ i .  The l a t t e r  r a t i o  agrees  w i th in  a f a c t o r  of 2 with t he  r e l a t i v e  ( t , p )  and 

( t , a )  c ros s  s ec t ions  on ''Be from multi-gap spectrograph measurements (see  be- 

low). Hence i t  i s  t e n t a t i v e l y  proposed t h a t  12Be has,  a h a l f - l i f e  of about 25 

msec. 

D. Multi-gap Spectrograph Measurements 

Severa l  e-xposures i n  t h e  Penn multi-gap magnetic spectrograph were made 

on the  ''Be + t r eac t ion  a t  Et = 15 MeV i n  o rde r  t o  measure t he  ground-state 

?-value i n  t h e  ( t , p )  r eac t ion ,  and the re fo re  t h e  mass of 12Be, a s  we l l  a s  t he  

.ocations of exci ted '  s t a t e s .  h e s e .  same exposures allow a ' s tudy  of t h e  
' 

9 1 ° ~ e ( t  , a )  L i  r eac t ion  t o  be made and r e l a t i v e  ( t  ,p) and ( t  ,a )  c ross  s ec t ions  t o  

be detenpined. 

A t  t h e  present  time t h e  ana lys i s  of t h e  multi-gap d a t a . i s  no t  y e t  corn.- . 

p le t ed .  Qua l i t a t i ve  observat ions  i n d i c a t e  n o  exci ted  s t a t e s  i n  12Be below t h e  

2.110-MeV s t a t e  repor ted  above. A.rough measurement oE t h e  r e l a t i v e  ( t , p )  and 



( t , a )  c ros s  s e c t i o n s  i s  a l s o  mentioned above. 

It i s  expected t h a t  a mass value  w i l l  be o b t a i n e i  f o r  128e t h a t  w i l l  

have an accuracy of 2, + 10 keV. 

111. The Search f o r  New Isotopes  a t  Brookhaven 

A .  The program on TZ = +5/2 Nuclei i n  t h e  s-d S h e l l  

When t h e  Tandem Van de Graaff f a c i l i t y  was brought i n t o  opera t ion  s t  

Brookhmen National Laboratory in '1970 a genera l  program was planned on t:le 

study of r ad ioac t ive  i so topes  t h a t  could be produced i n  heaby-ion r eac t ioxs .  A 

ta rget -Zransfer  o r  " rabbi t"  system8 was const ructed  f o r  t h i s  purpose znd ss an 

i n i t i a l  t e s t  the  production and study of 200 formed i n  t h e  180(180,160)200 re- 

ac t ion  was c a r r i e d  ou t .  The technique cons i s t ed  of s c t i v a t i n g  a t a r g e t  of 

~ a ~ ~ ~ 0 ~  clanpkd on t h e  r a b b i t ,  t r a n s f e r r i n g  it t o  a sh i e lde6  a r e a ,  and counting 

y and B r a d i a t i o n s  w i th  Ge(Li) and p l a s t i c  de t ec to r s .  Half-l ives could be 

measured by s t o r i n g  da t a  i n  success ive  time b ins  i n  a computer. A cimer- 

9 programmer .des igned and b u i l t  a t  Brookhaven was p a r t i c u l a r l y  u s e f u l  i n  a l l  of 

t h i s  work. 

I n  add i t i on  t o  t h e  200 numerous weak a c t i v i t i e s  were found t o  be produced 

2, 
i n  t he  ''0 + 180 r eac t ion  with E = 42 MeV. The m"st i n t ~ r e s t i n g  outcome of 

l e 0  
t h i s  f i r s t  study was the ' obse rva t ion  of t h r e e  y r ays  t h a t  decayed with a 6-sec, 

h a l f - l i f e  and could not  be  a t t r i b u t e d  t o  any known a c t i v i t y .  It was subsequent- 

8 determined . t ha t  the new isotope  3 3 ~ i  was being formsd i n  t h e  180(130,2pn)33~i 

r eac t ion .  The decay scheme was e s t ab l i shed  and the  mass was found from t h e  end- 

po in t  of 6 rays  en t e r ing  a p l a s t i c  s c i n t i l l a t o r  i n  coincidence with y rays .  

Comparisons of t h e  decay scheme were made wi th  t he  s h e l l  mocel, while t h e  mass 

excess ,  e s t ab l i shed  with an accuracy of + 50 keV, vas.compared wi th  t h e  Garvey- 

Kelson mass formulation and shorn t o  d i f f e r  by 420 keV from the  p red ic t ion .  



The 33~ i  B spectrum i n  coincidence wi th  y rays  is  shown i n  Fig.  5. 

Af ter  r e a l i z i n g  t h e  p o t e n t i a l i t i e s  of heavy-ion r eac t ions  f o r  pro- 

c ing  new i so topes ,  a  program was s e t  up on the  T = +5/2 n u c l e i  from 210 t o  

3 5 ~  a s  i nd ica t ed  in the  po r t i on  of t h e  cha r t  of nuc l e i  shown i n  Fig.  6. 

Col labora tors  i n  this work included D. R. Gc-osman, C.  N.  Davids, and J. C .  

Hardy. I n  order  to  form t h e  a c t i v i t i e s ,  var ious  r eac t ions  were used a s  indica ted  

in .Tab le  I. For t he  work on 2 5 ~ e  a  gas t r a n s f e r  system was used in s t ead  of t he  

r abb i t .  

To summarize t he  extens ive  r e s u l t s  of these  i nves t iga t ions  t h e  new 

isotopes  2 3 ~ ,  29Mg, 31~1, 33~i ,  and 3 5 ~  were e s t ab l i shed  along wi th  t h e i r  prop- 

e r t i e s  inc luding rrass va lues .  Masses, ha l f - l i ves ,  and spect roscopic  p rope r t i e s  

were a l s o  measured f o r  2 5 ~ e  and 2 7 ~ a  which had meanwhile been discovered a t  o the r  

l a b o r a t o r i e s .  . Focr a t tempts  were made t o  f i n d  210 without success .  The decay 

schemes of t hese  new isotopes  i n  genera l  agreed q u i t e  we l l  with t h e  p red ic t ions  

of t he  s h e l l  model but t h e  mass excesses exhibi ted  a  sys temat ic  depar ture  from 

the  Garvey-Kelson mass formulation a s  shown-in t h e  upper p a r t  of Fig. 7. Mean- 

whi le ,  new t h e o r e t i c a l  ca l cu l a t ions  of t hese  masses using a  modified s h e l l  model 

have been ca r r i ed  out by Wilcox %&.lo A s  may be seen i n  the  lower p a r t  of 

Fig. 7, t he  agreement of these  p red ic t ions  wi th  experimental  va lues  is very much 

h a t t e r .  A new value  f o r  t h e  210 mass excess has r ecen t ly  been measured by Ba l l  

a l . l l  br inging i t s  value down by 1 .2  MeV i n  l i n e  with t h e  o the r s  i n  the  lower - 
p a r t  of Fig. 7. 

B. The Discovery of 3 4 ~ i  

Several  o the r  weak y rays  (429;1179, and 1608 keV) i n  t he  delayed 

spectrum following t h e  180 + ''0 r e a c t i o n  remained unassigned u n t i l  r ecen t ly .  

It was suspected t h a t  these  y rays  belonged t o  t h e  decay of t h e  TZ = '+3  nucleus 



34 3 4 ~ i  produced i n  t h e  180(180,2p) S i  r eac t ion ,  but  t h i s  could not be proved 

s ince  the  energy l e v e l s  of t h e  daughter nucleus 3 4 ~  were no t  known. However, a 

3 34 recent  study12 a t  Los A l 9 o s  of t h e  3 4 ~ ( t ,  He) P r eac t ion  e s t ab l i shed  t h e  

energies  of f i v e  exc i t ed  s t a t e s  of 3 4 ~ ,  t h e  f i r s t  two s t a t e s  being a t  423 2 10 

keV and 1605 2 10 keV. . . 

I n  co l l abo ra t ion  wi th  A. M. Nathan a new i ~ k e s t i g a t i o n ~ ~  of a c t i v i t i e s  

from t h e  180 + 180 r eac t ion  was undertaken. The techniques  were s i m i l a r  t o  those 

used e a r l i e r .  Comparison of t he  t h r e e  un-assigned' y-ray energies  wi th  t h e  3 4 ~  

l e v e l s  'mentioned above' i d e n t i f i e d  t h e  a c t i v i t y  a s  34~i ;  t h e  r e s u l t i n g  decay 
' 

scheme is shown i n  Fig.  8.  The ha l f -1 i f e .o f  3 4 ~ i  is 2.7: + 0.20 s e c  a s  obtained 

from t h e  d a t a  s h o k  i n  Fig. 9. F i n a l l y ,  t h e  mass wqs measured from t h e  end 

po in t  of 5 r ays  i n  caincidence wi th  y rays  g iv ing a mass excess of -19850 2 300 

keV. This agrees  w i th in  200 keV wi th  the  p red ic t ions  of two shell-model 

ca l cu l a t ions .  

C. I nves t iga t ion  of 5 5 ~  , * .  

The ex tens ion .o f  i so tope  searches  t o  somewhat h igher  Z has been made ,. 

poss ib l e  by the ' vo l t age  upgrading o f  t he  Tandem Van de Graaff a t  Brookhaven and 

by t h e  r e c e n t  dev~lopment  of new ion-source techniques.  Middleton14 has shown 

t h a t  moderately i n t ense  beams of negat ive  hydrides such a s  B ~ H -  o r  C ~ H -  can be 

produced by the  in t roduc t ion  of arrmonia vapor i n t o  a UNIS-type source.  These 

beams have t h e  advantage over a beam such a s  B ~ O -  i n  t h a t  a l a r g e r  propor t ion  

of t he  energy of t he  B ~ H -  i on  res idues  i n  t h e  Be atom p r i o r  t o  s t r i p p i n g  a f t e r  

the  f i r s t  s t a g e  of acce l e ra t ion .  

I n  co l l abo ra t ion  wi th  E. K. Warburton, A. M. Nathan, and J. W. Q lnes s ,  

a search  was made f o r  t h e  previous ly  unknown nucleus 5 5 ~  formed i n  t h e  

55 4 8 ~ a ( 9 ~ e , p n )  V r eac t ion .  Following t h e  methods descr ibed above, t h e  deca:r 



scheme of 5 5 ~  was es tabl ished15 a s  shown i n  Fig. 10. The 5 5 ~  h a l f - l i f e  was 

'-und t o  be 6.54 i 0.15 sec  and its mass excess of 49152 t 100'keV i s  i n  exact 

-ceement w i th  a modified shell-model ca l cu l a t ion .  

D. Unsuccessful Isotope Searches 

Although q u i t e  a few new isotopes  have been found and s tud ied  i n  the  

program a t  t he  Brookhaven Tandem Van de Graaff t h e r e  have been some unsuccessful 

searches  t h a t  should be discussed. The f o u r  experiments on "0 were mentioned 

above. Other a c t i v i t i e s ,  t h e  r eac t ions  used, and t h e  type of r a d i a t i o n  measured 

a r e  summarized i n  Table 11. I n  a l l  cases  t h e r e  is information on l e v e l s  i n  t h e  

daughter nucleus which would presumably allow t h e  i d e n t i f i c a t i o n  t o  be  made. 

The f a i l u r e  t o  obszrve any of t hese  a c t i v i t i e s  can be  a t t r i b u t e d  e i t h e r  t o  cross  

s ec t ions  too  l o w t o  permit t he  c h a r a c t e r i s t i c  r a d i a t i o n s  t o  be  observed above 

the  background, o r  t o  B decay leading mostly t o  t h e  ground s t a t e  of t h e  daughter 

nucleus.  Due t o  t he  presence of so.many d i f f e r e n t  a c t i v i t i e s  produced i n  these  

heavy-ion r eac t ion3  i t  i s  genera l ly  impossible t o  i d e n t i f y  a p a r t i c u l a r  a c t i v i t y  

unless  t he re  is a reasonable amount of B-ray branching t o  an exc i t ed  s t a t e ,  a t  

l e a s t  using the  methods a t  our d i sposa l .  Mass and Z s epa ra t ion  of t he  products 

would of course be a g rea t  he lp  i n  s o r t i n g  out t h e  exo t i c  n u c l e i  formed i n  heavy- 

i on  r eac t ions .  Thus the  discovery and s tudy of t h e  i so topes  l i s t e d  in ,Tab le  I1 

--ses  a chal lenge  f o r  t he  fu tu re .  

Future e x t e n s i ~ n  t o  h igher  Z 

With the  present  a v a i l a b i l i t y  of h igher  te rminal  vol tages  on the  MP 

Tandem Van de Graaffs a t  Brookhaven and the  new ion-source techniques mentioned 

above, t e n t a t i v e  p lans  have been made t o  i n v e s t i g a t e  o f f - s t a b i l i t y  n u c l e i  a t  

h igher  Z u t i l i z i n g  techniques s i m i l a r  t o  t hcse  d iscussed above. A schematic 

r ep re sen ta t ion  of t h e  s i t u a t i o n  is i l l u s t r a t e d  i n  Fig.  11. This shows t h a t ,  



due t o  t h e  curvature  of t h e  l i n e  of B s t a b i l i t y  on a p l o t  c.f Z versus  N ,  t h e  

compolnd nccleus  i n  t h e  4 0 ~ a  + 4 0 ~ a  r eac t ion ,  i . e .  'Ozr, l i e s  on the  proton- 

r i c h  s i d e  cf  t h e  va l l ey  of s t a b i l i t y .  It might be ~ o s s i b l e  t o  produce vs r ious  

new isotopes  i n  t h a t  region,  p a r t i c u l a r l y  s i n c e  t h e  MP-7 Tzndem a c c e l e r a t o r  now 

opera tes  a t  14 MV on t h e  terminal  and can produce Ca beams w e l l  above the  

Coulomb'barrier f o r  t h e  Ca + Ca reac t ion .  

There have been some very r ecen t  t ime-of-fl ight experiments by Wegner 16  

and o the r s  a t  Brookhaven t h a t  have unfor tunate ly  i nd ica t ed  very  low c ros s  

s ec t ions  f o r  producing e x o t i c  nuc l e i  i n  t h i s  region. Csing t h e  r e a c t i o n  4 0 ~ a  + 
35~1  t o  reach t h e  neut ron-def ic ient  s i d e  of t h e  v a l l e y  and 4 8 ~ a  + 3 7 ~ 1  t o  reach 

the  neutron-excess s i d e ,  Wegner's group has  looked f o r  t he  production of of f -  

s t a b i l i t y  i so topes .  Preliminary a n a l y s i s  sugges ts  t h a t  t h e  compound nuc le i  

quickly b o i l  o f f  p a r t i c l e s  r e tu rn ing  t h e  f i n a l  nucleus c l o s e  t o ,  o r  i n  t he  

va l l ey  of s t a b i l i t y .  The f i n a l  outcome of these  experiments may in f luence  the  

d i r e c t i o n  'of.the"programmatic search  f o r  new rad ioac t ive  i so topes .  But even i f  

c ross  s e c t i o n s  a r e  smal l  i t  should be pointed out t h a t  t he  d e t e c t i o n  of delayed 

r a d i a t i o n s  is a  sensit i7~e:way t o  f i n d  new isotopes.  ' . 

. . . . 
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Table I. Compound reactions making TZ = +5/2 nuclides in the s-d shell. 

Nuclide Reaction ' Nuclide React ion 

Table 11. Summary of unsuccessful isotope searches. 

Isotope Reaction ' Measurement 



Figure 1. The T = 2 i sosp in  quintet  i n  A = 1 2  showing 
the o s i t i o n s  of tho cccond T - 2 o tn tcs  i n  .1.7~e, 1 7 ~ ,  
and f2C. 



Figure 2. Top: singles proton spectrum from the 
10~e(t,~)l2Be reaction near the excited level at 
Eexc. = 2.11C MeV; Bottom: same spectrum.with the 
additional requirement of a p,y coincidence. 
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Figure 3. Gamma-ray spectrum from the decay of the 
12Be 2.110-MeV level in coincidence with protons. 
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Figure 4 . .  Angular cor re la t ion  of the  y rays from t t e  
2.110 + 0 MeV t r a n s i t i o n  i n  1 2 ~ e .  The curves a r e  bes t  
f i t s  f o r  the  sp ins  shown. 

Figure 5. B-ray spectrum of 33~ i  i n  a p l a s t i c  
s c i n t i l l a t o r  i n  coincidence with 1848-keV y rays. 
The s o l i d  curve is a  c a l i b r a t i o n  f i t  using a  known 
2 3 ~ e  a c t i v i t y  t h a t  has a  nearby B end-point energy. 



L RELATION 

T RELATION 

Figure 6. Region of the table of elements inclu ng 
the eight "exotic" T, - +5/2 nuclei from 2 1 ~  to j4P 
investigated at Brookhaven. According to the trans- 
verse (T) and longitudinal (L) relations of the 
Garvey-Kelson mass formulation the sum of the three 
(+) masses should equal the sum of the three (-) 
masses. Thus the masses of all 8 of the T, +5/2 
nuclei can be predicted using the T relation. 

u - I  

Shell model - 
d. 

0- - 

Figure 7. Upper part - differences between experi- 
mental masses and those predicted by the Garvey-Kelson 
transverse relation for the T, = +5/2 nuclei in the 
2s-ld shell. Lower part - similar comparison of 
experimental masses with shell-model calculations. 
Recent measurements have lowered the value by 
1.2 MeV bringing it in line with the others (see 
text). 

-I 
: Mosses of TZ = Y 2  nuclei in the 2s- Id shell 
- - 



Figure 8 .  Decay scheme of  3 4 ~ i .  
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Figure 9 .  H a l f - l i f e  data on the decay of 3 4 ~ i  y rays. 
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Figure 10. Decay scheme proposed for 5 5 ~ .  
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Figure 11. Schematic representation of the manner in  
whicb the 4 0 ~ a  + 40Ca reaction can reach the region of 
prot-~n-rich nuclei  i n  the v i c i n i t y  of 8 0 ~ r .  
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Soma R e c e n t  E x p e r i m e n t s  a t  I S O L D E  

J .  C .  Hardy 

Atomic Energy of Canada Limited, Chalk River Nuclear Laboratories, 

Chalk River, Ontario KOJ IJO, Canada 

My personal experience with on-line isotope separators (ISOL) en- 

compasses only two instruments: one presently ucder construction at Chalk 

~iver and one at CERN, which has been in successful operation for about 10 

years. I had originally intended to divide this talk equally between them 

both, but while listening to the talks yesterday and this morning I modified 

my plan somewhat. . . 

So far at this meeting ISOLDE has received very little attention. ' 

Considering that for the past decade ISOLDE has been the most successfui and 

prolific on-line isotope separator in the world, this appears to me a rather 

serious omission, and I have altered the 'emphasis of my talk, in order to 
. . 

c&nterbalarice this unfortunate impression: . In doing so I must emphasize 

. that I am not in any way ,an expert .on nor a representative of ISOLDE; I am 

simply a satisfied user,, having recently spent 6 very pleasant sabbatical 

leave there. Of the many experiments on the floor there I shall describe 

two that I was actual~'invo1ved with, in the hopes that these will high- 

light some of the general qualities of the facility. 

First, though, in order not to shorten the shrift too drastically 

for the Chalk River separator, I should like to outline its properties and 



I. The Chalk River ISOL 

The ChalK River ISOL~)  d i f f e r s  from ~ o s t  o the r s ,  which l i k e  ISOLDE 

and TRISTAN a r e  of t he  so-called Scandinavian des ign,  i n  following t h e  higher 

cu r r en t  Orsay This involves  t h e  use cf an n=$ double-focussing 

magnet, and t h e  e l imina t ion  of a l l  e l e c t r o s t a t i c  focuss ing elements i n  

order  t o  achieve  ion  bearr cu r r en t s  of up t o  20 mA - compared wi th  5 500 PA 

from a  Scandinavian machine. I n  o the r  important r e spec t s ,  such a s  r e so lu t io r  

and enhancement f a c t o r ,  t h e  beam p rope r t i e s  of both types  a r e  expected t o  

be comparable. 

As anyone f a m i l i i r  with on-line s epa ra to r s  w i l l  r e a l i z e ,  we d id  not  

make t h i s  choice  because we expected such high cu r r en t s  of e x o t i c  nuc l e i .  

However, because our s epa ra to r  w i l l  be on-line with a  heavy-ion a c c e l e r a t o r  

( t he  Chalk River upgraded MP tandem) we s h a l l  f r equen t ly  use  a  helium j e t  4 )  

t o  t r anspor t  r e c o i l  n u c l e i  from t h e  t a r g e t  pos i t i on  t o  t h e  s e p a r a t o r ' s  

ion  source.  Although.much of t h e  helium gas can be  skimmed away en rou te ,  

t he  demands on the  system a r e  f a r  l e s s  s t r i n g e n t  i f  t he  s epa ra to r  i t s e l f  can 

bear  a  r e l a t i v e l y  h igh cu r r en t  of helium withouc degrading the  o v e r a l l  beam 

q u a l i t y .  

The layout  of t h e  s epa ra to r  and nearby tandem beam l i n e s  is  shown i n  

Fig.  1. The l o c a t i o n  of t he  i on  source near  t he  convergence of two beam 

l i n e s  w i l l  permit opera t ion  e i t h e r  i n  t h e  helium-je: mode a s  descr ibed,  t he  

t a r g e t  being i n  t h e  47.1' beam l i n e ,  o r  with t h e  tandem beam impinging - v i a  

t h e  21.7' l i n e  - d i r e c t l y  on a  t a r g e t  placed i n  o r  near t he  i on  source  

i t s e l f .  Note a l s o  t h a t  following magnetic s epa ra t ion ,  t he  i on  beam corres-  

ponding t o  a  s e l ec t ed  mass may be f u r t h e r  t r anspor t ed ,  he re  e l e c t r o s t a t i c a l l j j ,  



t o  a  sh ie lded counting a rea  i n  t a r g e t  room 2 .  I n  t h e  f i r s t  phase of develop- 

ment only the  c e n t r a l  t r anspor t  l i n e  w i l l  be b u i l t ,  but f u t u r e  f l e x i b i l i t y  

:an be ensured by addirg two more l i n e s ,  f o r  which provis ion has a l ready been 

made. 

The cu r r en t  s t c t u s  of t h e  p r o j e c t  is t h a t  t he  mechanical assembly i s  

we l l  advanced with vacuum t e s t s  now i n  progress.  A l l  e l e c t r i c a l  components. 

should be i n  our hands wi th in  a  few months and f i r s t  o f f - l i ne  t e s t s  a r e  

scheduled f o r  e a r l y  spr ing.  

II. ISOLDE 

We must now make a  change of s ca l e .  This is no t  j u s t  a  change from 

t h e  s c a l e  of t h e  uncompleted instrument j u s t  descr ibed but from the  s c a l e  of 

any o the r  e x i s t i n g  on-line s epa ra to r .  The ex t en t  of t h e  change should be 

evident  from a  look a t  Fig.  2,  which is a  drawing of t he  present  ISOLDE 

f a c i l i t y .  There a r e  a: l e a s t  n ine  experimental  s t a t i o n s  used by over 100 

p h y s i c i s t s  and chemists from a  ha l f  dozen coun t r i e s  - no t  counting the  

overseas v i s i t o r s .  

I have not  t h e  time t o  even begin descr ib ing i n  d e t a i l  t he  p rope r t i e s  

of t he  s epa ra to r  o r  tha  myriad experiments undertaken there .  In s t ead ,  l e t  me 

mention two f e a t u r e s  i n  p a r t i c u l a r  t h a t  a r e  r ecen t ly  developed and perhaps 

Least f a m i l i a r  t o  you: 1 )  t he  production of nectron-rich i so topes  and 2) t he  

use of t a r g e t s  wi th  very s h o r t  r e l e a s e  t imes.  

2 
The bombardment of a  t h i ck  (14 glcm ) uranium t a r g e t  wi th  a  1 PA beam 

of 600 MeV protons y i e l d s  a  p r o l i f i c  v a r i e t y  of neutron-rich n u c l e i  through 

f i s s i o n .  F igure  3 shows the  numbers of atoms per  second a c t u a l l y  observed 

a t  ISOLDE f o r  t h e  i so topes  of caesium. For perspect ive ,  I should t e l l  you 



Ac133 i s  t h e  s t a b l e  caesium isotope ,  and even a t  A=144, t h e  heav ie s t  one 

shown on t h e  f i g u r e ,  a beam of % 1 pA is produced. Thus, u se fu l  experiments 

can be performed on even heavier-mass i so topes ,  Of cou r se ,  wi th  a lanthanum 

t a r p e t ,  light caesium i so topes  have been produced rou t ine ly  a t  ISOLDE 

(through s p a l l a t i o n  r eac t ions )  f o r  many years .  I so topes  have been observed 

a l l  t he  way down t o  t h e  proton d r i p  l i n e  a t  A=114, and f r o n  A=123 t o  A=132 

the  separa ted  beams a r e  each above 1 nA! 

Considerable advances have a l s o  been made r ecen t ly  on the  development 

of r e f r a c t o r y  t a r g e t s  from which nuclear  r e a c t i o n  products can be r e l ea sed  

r a p i d l y 7 ) .  One example appears i n  Fig.  4 ,  which shows the  f r a c t i o n a l  

a c t i v i t y  of 41~r observed from a vanadium ca rb ide  t a r g e t  a s  a funct ion  both 

of temperature and of t h e  time delay a f t e r  bombarduent ceased. A t  2 1 0 0 ~ ~  i t  

is  evident  t h a t  most of t h e  argon is r e l ea sed  from t h e  t a r g e t  ma te r i a l  

w i th in  a few seconds of i t s  production; 

As an i l l u s t r a t i o n  of t he  usefulness  of t hese  high y i e l d s  and sho r t  

release.  t imes,  l e t  me desc r ibe  one experiment performed l a s t  year  on a 

l i g h t  argon iso tope .  P r i o r  t o  t h a t  t ime t h e  most neut ron-def ic ient  n u c l e i  

( i . e .  those  wi th  t h e  most negat ive  T va lues)  whose decays had been s tud ied  

were those ,  such a s  3 3 ~ r ,  wi th  T = -312. Despite numerous a t tempts  t o  

observe them, t he  production c ros s  s e c t i o n s  of I? = -2 nucle ides  were simply 

too  smal l  t o  permit  t h e i r  decay t o  be observed. With t h e  improved t a r g e t  

techniques a t  ISOLDE, though, we succeedea i n  de tec t ing8)  6-delayed protons  

f r o n  the  decay of t h e  TZ= -2 nucleus 3 2 ~ r .  The proton spectrum is shown i n  

Fig.  5 together  w i th  t h e  spectrum from the '  decay of 3 3 ~ r ,  which was used f o r  

c a l i b r a t i o n  and a s  a means of tuning t h e  s epa ra to r .  The 'production r a t e  of 

75 msec 3 2 ~ r  was about 1 atom pe r  5 seconds. 



The decay schene appears i n  Fig.  6. The observed proton peak 

corresponds t o  t h e  superallowed 0' -+ 0' B-trans i t ion  t h a t  populates t h e  

lowest T=2 s t a t e  i n  32~1. From the  measured proton energy, t he  mass excess 

of t h e  T=2 s t a t e  was determined t o  be -8295.6 f 5.2 keV, and t h i s  r e s u l t  

together  with t he  known masses of t h ree  o t h e r  members of t h e  same i s o b a r i c  

m u l t i p l e t  y ie lded an accu ra t e  t e s t  f o r  a cubic term i n  t he  i s o b a r i c  m u l t i - '  

p l e t  mass equat ion  f o r  A=32: t h e  c o e f f i c i e n t  of such a poss ib l e  term was 

determined t o  be 0.5 2 2.5 keV. 

Argon-32 i s  a t  t he  very l i m i t s  of p a r t i c l e  s t a b i l i t y  so ,  even a t  

ISOLDE, i ts  produceion r a t e  is too low t o  permit  any experiments more com- 

plex  than the  s i n g l e s  counting of delayed protons .  However, a s epa ra to r  need 

no t  be used exc lus iveb j  f o r  prospect ing  i n  such remote regions .  The high 

y i e l d s  a v a i l a b l e  nea re r  s t a b i l i t y  make poss ib l e  experiments of q u i t e  consid- 

e r a b l e  complexity, which a t  ISOLDE include  atomic beam magnetic resonance 

s t u d i e s ,  on-line mass spectrometry and l a s e r  spectroscopy5).  These a r e  

marvelously e l egan t  ex?eriments, but a s  a non-par t ic ipant  I am no t  t h e  

r i g h t  person t o  d e s c r i j e  them t o  you. In s t ead ,  I should l i k e  t o  desc r ibe  

another  experiment t h a t  r e l i e d  on high sepa ra to r  y i e l d s  t o  produce a r e s u l t  

t h a t  would otherwise h w e  been inacces s ib l e .  

Krypton-73 i s  f i v e  neutrons away from the  l i g h t e s t  s t a b l e  i so tope  

of krypton, 7 8 ~ r .  It decays by e l e c t r o n  capture  t o  s t a t e s  i n  7 3 ~ r ,  some 

of which a r e  uns table  t o .p ro ton  emission. It is poss ib l e  t o  measure t he  

l i f e t i m e s  of t hese  pa r t i c l e -uns t ab l e  s t a t e s  by comparing t h e i r  decay time 

with t h e  f i l l i n g  time of a vacancy i n  t h e  atomic K s h e l l .  Any nucleus (with 

atomic number Z ) . t h a t  decays by e l e c t r o n  cap tu re  t o  exc i t ed  s t a t e s  i n  t h e  



daughter. (2-1) produces simultaneously a vacancy i n  an atomic s h e l l  ( s ee  

Fig.  7); I f  tbose  exc i t ed  s t a t e s  a r e  uns table  t o  proton emission,  t he  energy 

of t h e  X-ray emit ted  wi th  t h e  f i l l i n g  of t h e  atomic -Jacancy w i l l  depend upon 

whether t h e  proton has ' e l r eady  been emit ted  ( i n  which case  t he  X-ray would 

be c h a r a c t e r i s t i c  of a 2-2 element) o r  n o t . ( a  Z-1 element).  I f  t h e  nuclear  

and atomic l i f e t i m e s  a r e  comparable, then the  K X-rays observed i n  coinci -  a 

dence wi th  protons  w i l l  l i e  i n  two peaks whose r e l z t i v e  i n t e n s i t i e s  uniquely 

r e l a t e  one l i f e t i m e  wi th  another.  

This . technique has  previous ly  been i p p l i e d  only once9): t o  t h e  decay 

of 6 9 ~ e .  ' That experiment was performed. without i s c t o p e  sepa ra t ion  and, ever  

32 though t h e  production mode -. 4 0 ~ a (  S ,  2pn) 6 5 ~ e  - i s  r a t h e r  favourable ,  d a t a  

c o l l e c t i o n  was plagued by an .ext remely  high r a t e . o f  B-rays.from zjther com- 

pe t ing  a c t i v i t i e s .  .Wi thou t . t he i r  removal,  t h e  extens ion of these  measure- ' 

ments t o  o t h e r ,  l e s s  acces s ib l e ,  n u c l e i  proved t o  be impract icable .  

The spectrum of coincident  X-rays from the  decay of j3Kr, observed 

i n  8 hours of counting at I S O L D E ~ ~ ) ,  is shown i n  Fig.  8. The corresponding . 

proton spectrum appears i n  F i g . , g a  together  with a s imp l i f i ed  decay scheme. 

9 i  
The s t a t i s t i c s  a r e  v i r t u a l . 1 ~  i d e n t i c a l  t o  the  e a r l i e r  6 9 ~ e  da t a  . , which 

took about 40 hours - and a v a s t l y  more complicated expe r inen ta l  set-up - t o  

obta in .  

S t a t i s t i c a l  model c a l c u l a t i o n s  of t h e  type descr ibed i n  ref1') have 

been appl ied  t o  t h e  7 3 ~ r  decay, and q u i t e  ressonable  agreement wtth t he  

experimental  proton spectrum is evident .  Agreement wi th  t he  average l e v e l  

l i f e t i m e s  i s  a l s o  q u i t e  s a t i s f a c t o r y  a s  can 5e  seen i n  Fig. g b ,  which is  a 

p l o t  of t h e  r a t i o  of Se X-rays (measured i n  coincidence wi th  protons) 



relathe to those from As, given as a function of coincident proton .energy., . . 

'ince level lifetimes are related to level this comparisqn , . 

?tween theory .and experiment was used, in a single parameter fit, to 

determine the level density  parameter.^, with the-result =. 9.8 M~v-'. . , . 

This is consistent with the results for mass-69 and with general . 

expectations1'). . 

I have briefly described these.two experiments in the hopes of. 

conveying some flavour of the physics already possible with an on-line 

separator; My belief is that this type of physics easily justifies a , , 

modest proliferation of facilities, but one must appreciate at the same time 

that reactor-based separators no longer seem to offer unique advantages, even 

in the production of neutron-rich nuclei, compared with the best of the 

accelerator-based facilities. The real measure of success lies in the 

development of a sophisticated targetlion source technology, and it is in 

this direction that a new facility will have to sst its sights. 

. . . . 
I I I .  Pandemonium 

. . . .  
Having touted the value of ISOL physics, it is only fair that I, 

conclude with a few cautionary remarks. These arise from another study 
. . 

we performed last year at CERN~~), this time on $-delayed y-rays from the 
. ,  . . *  

?cay of 145~d. 

The y-ray spectrum we obtained appears in Fig. 10. It is.qualitatively 

the same as previously published experimental data14) for 145~d, and is also 

typical of the y-ray spectra easily observed with an ISOL. Why this should 
. , 

be remarkable is explai2ed by the fact that Fig.10 was recorded without a ., . . 
Ge(Li) detector and, for that matter, without a real nucleus. Instead, we 



created a fictional nucleus and then simulated its decay numerically, using 

the statistical principles known to circumscribe nuclear excitation and 

decay 15y16). Since the existence of this nucleus, which we named 

Pandemonium, was confinec to the functioning of a computer program, we 

could on the one hand know the Pandemonium 8-transition rates exactly, 

while on the other hand generate for analysis a simulated s?ectrua of 

6-delayed y-rays. We could then test whether transition rates extracted in 

the usual way from the (simulated) experimental dati agree or not with the 

true rates. 

The spectrum of Pig.10 was processed in a standard manner using the 

peak analysis program SAKPO~~). A portion of the y-ray spectrum appears 

again in Fig. llwhere the shaded photopeaks indicate the y-rays detected 

by the program. The arrows mark'the peaks actually present, but undetected. 

It should be emphasized that this is not a defect of the analysis program 

but is a'fundamental fact that as the density of states, increases, most 

y-rays will be &principle undetectable by any peak-finding technique. 

More important than the missing peaks is the amount of missing 

intensity, which is illustrated in figure 12. In total, for the zase shown, 

14% of the y-ray intensity above 1.7 MeV is undetected in a peak analysis, 

and only ?. 35 out of ?. 1000 y-rays are identified. If the number of counts 

had been a factor of 10 less, 45% of the intensity would have been lost. In 

the light of these results, every complex 8-decay scheme that is based on 

y-ray peak analysis and intensity balances must now be regarded as doubtful. 

In such schemes, the 8-decay feeding to each level is assumed to be the 

difference between the total y-ray intensity depopulating the level and that 



seen feeding it. If significant y-ray intensity remains unobserved, these 

lifferences are incomplste and the derived 8-deciy branching ratios, for all 

~ut the strongest transitions, could be wrong by orders of magnitude. 

One must conclude then that the complexity of transitions apparently 

revealed by Ge(Li)-detector spectroscopy, in conjunction with an on-line . 

isotope separator, may in fact only,mislead if'treated with the same biases 

that we use in,assimilating the simpler.decays seen nearer stability. . . 

Instead, we must seek new techniques better suited to the data observed. In 

my view these new techniques must lie not in the direction of level-by-level 

spectroscopy but rather in a statistical approach to strength distributions. 

,This apprbach. itself is, of course, not new but it, is fo; the moment divorced 

from the mainstream of nuclear'spectroscopy. It may well be that ISOL 

studies of nuclei far from stability will provide the necessary experimental 

link to statistical spectroscopy, matching the theoretical link that is 

18) already well on the way . . . 
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Figure 1'. Layout of the Chalk River on-line isotope 
separator and the neighboring tandem,besm l i n e s .  



Figure 2. Perspective view of the isotope separator, 
ISOLDE. The 600 MeV proton beam (1) from the CERN 
synchro-cyclotron is focused on the target ion source 
unit (2). A beam of radioactive ions is formed by a 
60 kV acceleration stage and is mass analyzed in a 
magnet (31 .  Individual masses are then selected by 
electrostatic deflection in the switchyard ( 4 )  and 
distributed through the external beam-lines ( 5 )  to 
the various experiments. These are: ( 5 )  Nuclear 
spectroscopy (a, 0, yJ  (7) High resolution mass 
spectrometer (8) Optical pumping and liser spectro- 
scopy (9) Atomic beam magnetic resonance (10) Col- 
lection of radioactive sources for off-line work 
(hyperfine interactions in solids, determination of 
shifts in X-ray energies, targets for nuclear reaction 
studies) (11) Beta delayed particles (12) Range 
measurements of ions in gases. From Ref. 5. 
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M A S S  N U M B E R ,  A  

Figure 3. Observed yields (plotted as squares) of 
separated beams of Cs isotopes corresponding to a 
luA beam of 600 MeV protons impinging on a 14 gicm2 
uranium target (in the form of impregnated graphite 
cloth) at 2050°C. The open squares are shielded 
isotopes; open circles are yields corrected for 
.decay:losses in the.separator. The dashed curve 
is the result of a calculaticn based on measured . 
fission yields; From Ref. 6. 
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Figure 4. The observed activity of 4 1 ~ r  produced 
from a vanadium-carbide target bombarded by 600 
kev protons. The abscissa corresponds to the 
length of time between the cessation of bombardment 
and the period of observationb). The curves .are -. - : . 
labelled by the target temperature. 

. . 
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Figure 5 .  Energy spectra of dela ed protons observed Figure 6 .  Decay scheme of " ~ r .  From Ref. 8 .  
following the decays of 3 2 ~ r  and 33pr. From Ref. ,8. 



X - R A Y  ENERGY 

Figure 7. Pictorial representation of the p-X colnci- 
dence technique for lifetime measusements on proton 
unstable states produced by electron capture. 



X - RAY ENERGY (keV) 

Figure 8 .  Spectrum of x-rays obser~ed  i n  coincidence 
with a l l  delayed protons from the decay of 73:<r. 



PROTON ENERGY (MeV) 

Figu re  9. a )  Spectrum of p ro tbns  observ'id fo l lowing 
t h e  decay of 7 3 ~ r ;  a  s i m p l i f i e d  decay scheme appea r s  
a s  t h e  i n s e t .  b) Ra t io  of co inc iden t  Se x-rays r e l a -  
t i v e  t o  t hose  from As, p l o t t e d  a s  a  func t ion  of 
cc.incident p ro ton  energy; The smooth cu rves  i n  ( a )  
and (b) a r e  t h e  r e s u l t s  of s t a t i s t i c a l  model ca lcu-  
l a  t ions .  



Figure 10. Computer simulated y-ray s?ectrum co'ri 
responding to the fictional decay of Pandemonium. 
which in this application h been assignec the 
mass and atomic number of 18'Gd. From Ref. 13. 
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Figure 11. Part of the y-ray spectrum of figure 1. 
The photopeaks identified in the analysis are 
shaded; those that are present but unidentified 
are indicated by arrows. 
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Figure 12. a) Observed and true y-ray inrensity (shaded 
and unshaded histograms respectively) for the data of 
figure 9 plotted in intervals of 200 keV of y-ray energy. 
The ordinace is scaled to give a total of 100% true 
intensity above 1.7 MeV. b) The circles correspond to 
the data in fig. 2a expressed as an "observation 
efficiency" for the detection of y-ray intensity. The 
solid line is drawn simply to indicate the trend of the 
results. The two dashed curves show the corresponding 
trends for one tenth and ten times the counting statistics. 
Note that 2 - 55.0 MeV. From ref. 13. 
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ABSTRACT 

The GSI mass separator facility on-line to the heavy-ion accelerator 

UNILAC was applied for separation of neutron-deficient isotopes from 

and 5 8 ~ i  induced fusion reactions. A status .report on the faci- 

lity is given with particular emphasis on separation parameters such as 

overall efficiency and +elease time for isotopes in the tin region . ,  

(46 _< Z _< 55). Examples for current experiments are the measurement of 

isotopic distributions of.evaporation residues in comparison with pre- 

dictions from evaporation calculations, and production of very neutron- 

deficient isotopes of tellurium, iodine, and xenon via 5 8 ~ i  induced 

reactions on 5 8 ~ i  and 6 3 ~ u  targets. The new isotopes identified in this 

region, including the island of the a emitters lo8~e, lo9~e, '''1 and 

'111, are discussed within the framework of mass B-strength-function 

systematics, in view of extending the search for neutron-deficient iso- 

topes at the proton drip line. 

Darmstadt - 21.0ctober 1977 . 
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1. Introduction. 

For 'studying nuclei far away from stability the method of on-line 

mass (and isotope) separation is playing an important role, in parti- 

cular if short-lived nuclei are investigated and if Froduction cross 

sections are small compared tc dominant reaction cha~nels. The Cargise 

Conference (I), for instance, has recently demonstrated the variety of 

applications of on-line separators. 

At this workshop we want to report on the status of the GSI mess 

sep=ator facility on-line to the heavy-ion accelerator LNILAC. Empha- 

sis will be put on experimental techniques,the merits (ard limitations) 

of which may be of interest tc other projects. Tte ion source (2), its 

on-line connection to a target position of the UNILAC, tte general lay- 

out sf the separator facility as well as introductory on-line measure- 

ments (3) have been published elsewhere. An artist's view of the 

present status of the separator is shown in Fig. 1. It includes single 

and telescope detector-arrays for particle decay-spectroscopy inside 

the collector tank, and a switchyard becoming operational beginning of 

1978. Essential modifications were made in the target ion-source area 

as will be described in Section 2 together with recent ion-source 

development. In Section 3 resulting separation paraneters such ss over- 

all efficiencies, and release times are presented as obtained using 40~r 

and 5 8 ~ i  ions as projectiles. To illustrate the application of an on-line 

separator for reaction studies, measurements of isotopic distributions 

and excitation functions of evaporation residues from fusion reactions are 

discussed in Section 4. Based on these results a search for very neutron 

deficient trans-tin isotopes via fusion reactions of ion? with '*Ni 

and 6 3 ~ ~  targets was started, the results of which are given in Secticn. 5. 

2. Target ion-source system. 

The heart of the whole facility is the ion source developed by 

R. Kirchner (5) which proved to hold the promising features found in 



preceeding off-line and on-line parameter investigations (2,3,4,5) . 
The present target ion-source system, shown in Fig. 2, includes a 

number' of improvements made without any major change of the target 

ion-source housing ( 3 , ~ )  . 

As the target life-time at high UNILAC-beam intensities was 

reasonably long only if the beam was not too well focused on target, a 

careful defocusing procedure had to be performed at the beginning of 

each on-line r.m: The beam was initially focused onto a tantalum 

screen close to the target to give a wide circular beam spot. This 

first step was controlled by monitoring the charge deposited by the 

beam on the insulated screen, and by watching the beam spot on the , 

tantalum screen via a TV camera positioned in front of the 13O magnet. 
' 

Subsequently, the screen was removed to enable beam entrance through a 

7 mm diameter collimator, which was insulated to allow current measure- . ' 

' ments, into a Paraday cup supplied with electrostatic eletron- 

suppression. If the beam was well centered and within the useful inten- 

sity range, the Faraday cup was finally removed delivering the beam 

throigh the same. 7 Am collimator. to the target.  ere it usually caused 
.a visible (red. glowing) spot which was monitored' via the TV camera 

mentioned above. Moreover, the Faraday cup was switched into its beam 

position regularly during an experiment in accordance with the. respec-' 

tive irradiation-counting cycle. 

So far, refractory metal targets of 0.7 to 5.1 mg/cm2 thickness and 

10 mm effective diameter were used as self-supporting foils mounted in a 

water-cooled holder. Targets of Sc, Fe, Ni; Cu, Ge, Y, Rh, Dy, Lu, Ta, 

and Pt lasted over periods of a few hours until a maximum of 18 hours at 

intensities of up to 1012 particles/sec for 5.9 MeV/u and 2-10 11 

particles/sec for 5.0 MeV/u '"~i, copper being the less and germanium the 

most sensitive target material. Under these conditions both the 50 pg/cm 2 

carbon heat-shield mounted between ion s>urce and target, and the 



0.9 mg/cm2 tantalum window of :he ion source were comparatively loxg- 

l i ved .  

On-line t e s t s  of various ca t che r s  were ca r r i ed  out using t h e  

ca t che r  posi t ion a t  t he  "downs:reaml' opening (3,411 of t h e  ion scurce .  

According t o  r e s u l t s  from these  t e s t s ,  t o  be desc-ibed i n  Sect icn  3 ,  

another conf igurat ion was chosen ( see  Figs .  1 and 2 ) ,  i n  which the  

r eac t ion  r e c o i l s  a r e  implanted d i r e c t l y  i n t o  the  tantalum capsule 

cathode o r  i n t o  a tantalum f o i l  wrapped around the  capsule .  The "dowc- 

stream" opening was equipped with an add i t iona l  e l ec t ron  bombardme3t 

hea te r .  The new conf igurat ion enables  higher catchel. temperatures of 

about 2 5 0 0 ~ ~  ( t h e  co ldes t  p a r t  of t h e  ion source - t he  o u t l e t  p l a t e  - 
being a t  about 1 5 0 0 ~ ~ ) ,  and reduces the  d is tance  between t a r g e t  and 

ca t che r  t o  16.5 mm. 

Except f o r  occas ional  production of a l k a l i  i so topes  by surface  

ion iza t ion ,  t h e  ion source was operated i n  FEBIAD ( E ~ r c e d  e l e c t r o n  

beam induced a r c  d i scha rge )  mode on krypton, xenon, respec- - 
t i v e l y .  In  add i t ion  t o  general  performance con t ro l s  such a s  mass 

marking and optimizing of  l i n e  shape, t h e  o v e r a l l  e f f i c i ency  of the  

separa t ion was r egu la r ly  checked during an on-line experiment by using 

ca l ib ra t ed  krypton o r  xenon l eaks .  

The dependence of ion iza t ion  e f f i c i ency  and l i n e  shape on emission 

o r i f  i c e  diameter was investigayed (6) o f f  - l i n e  a t  a smal l  Scandinavian- 

type mass sepa ra to r ,  i ts  dispers ion perpendicular t o  t h e  c e n t r a l  baam is 

8.5 mm/%.  Fig.  3 shows l i n e  shapes measured by a 20 Pm-diameter- s-anxer 

p in  f o r  emission o r i f i c e  diamerers of 0 . 1  mm, 0.3 mm, and 0.6 mrr.. The 

ion source was operated f o r  y i e ld ing  maximum resolvixg power ( i n  con t ra s t  

t o  ef f ic iency-opt imizing on-line ope ra t ion ) ,  t he  o v e r a l l  e f f i c i e n c i e s  

being 0 .6 ,  1 .5 ,  5.2% f o r  the  examples given i n  Fig.  3 .  The complete ce- 

pendence of mass resolving power on ion iza t ion  e f f i c i e n c j  and o r i f i c e  

diameter is given i n  Fig.  4 f o r  xenon. For on-line o?era t ion,  an eniss ion 

o r i f i c e  diameter of 0.6 mm seems t o  represent  a reasonable compromise. 



It is striking to note that for the conventional mass separator, used 

here, a mass resolving power of 10 000 could be reached. This may mean 

that direct mass measurements of nuclei far away from stability may come 

within reach rlso for non-alkali elemenrs. 

The FEB1F.D characteristics - low operation pressure, low ion-beam 
intensity (typically nA), and low cross contamination - suggest that 
direct ion-detection by ,a secondary-eletron multiplier may be feasible. 

Fig. 5 shows the mass spectrum measured with a secondary-electron multi- 

plier in the nass range 70-95. We conclude that only surface-ionization 

mode guaranties clean mass spectra (except for alkali, alkaline earth, 

and rare earth peak), whereas the FEBIAD mode clearly has the "peak-at- 

every-mass" problem. There is hope for improvement by using higher- 

purity material. On the other hand, the mass spectrum of Fig. 5 exempli- 

fies again the good line-shape obtained with this ion source, resulting' 
- 5 - 8 

in a total contamination of less than 10 downto less than 10 with 

increasing distance from the "strong'' krypton lines. 

3. Release properties. 

For on-line tests in the tin region, reactions of 4.8 to 5.9 MeV/u 

beams on copper, germanium, and yttrium targets were used. Regarding 

the wide distribution of evaporation residues (compare Section 4) and the 

low degree of elemental discrimination to be expected from a hot catcher, 

inside a plasms ion-source, beta-gamma decay spectroscopy was generally 

necessary to dscompose the different isotopes present within a mass-sepa- 

rated sample. 

The overall efficiency q of the separation process was determined as 

ratio between source strength n of separated sample and primary prohuction 

rate n ~ ~ ~ ~ ~ ~ .  n is determined from decay measurements using known inten- 

sities of characteristic gamma-rays, while qarget follows from cross- 

section calculated by the ALICE code (7,8). Because of the uncertainty in 

the latter prediction, q can only be considered as a rough guess. 



With a graphite catcher in the "downstream" opening of the ion 

source and catcher temperatures up to 2000°C, 17 mounted up to about 

10% for cesium, several percent for antimony and iodine, a n d w ~ s  lower 

for tellurium and xenon. The efficiencies for these elenents remained 

the same (within a factor of 2) for different types of ~raphite felt, 

solid graphite, and tantalum. It was therefore jecided to simply use 

the tantalum capsule-cathode as catcher. Due to the hiaher temperature 

of about 2500°c, 17 increased considerably for alrnost all elements 

mentioned above. There still remains the fact that overall efficiencies 

determined on-line are lower than values for stable spe-ies (see 

Fig. 4). Our preliminary conclusion is that the deficit can be explained 

by slow and/or incomplete release of implanted recoils from the catcher. 

In addition to Te, I, Xe, Cs also isotopes of Pd, A @ ,  Cd, In, Sn 

have been separated in useful yields. The refractory pslladium, which 

has a mslting point of 1550'~ and reaches a vapor pressure of 760 torr 

at 30203c, represents a special surprise. The attractive separation- 

properties in this region with 46 _i Z ( 55 has led us to the search for 

very neutron-deficient trans-tin isotopes to be described in Section 5. 

It is t3 be expected that chemical homologues would also be suitable for 

on-line separation, which is supported for the region 28.2 Z _i 37 by 

separation tests on Br, K r ,  Rb and for the region 78 2 Z 2 87 by experi- 
ments on Bi, Po, At, Fr. 

. . 

The release-time measurement for 2.4 min 'l71, shown in Fig. 6, 

yields a short-lived half-time component of 2-3 sec, whereas tellurium 

is released much slower (half-time about 40 sec). It is evidently the 

short-lived release component, which enabled the detection of 0;69 sec 

'''1 - .the most short-liyed isotope observed so far at ;be GSI separator. 
. . . . 

4. Isotopic distributions and excitation functions. 

An extension of the introductory on-line tests, which were to yield 

oprimum release-parameters, lead quite naturally tc measurements of 



. isotopic distributions as shown in ~ i g .  7. Such distributions were then 

compared with predictions from evaporation calculations with the aim of 

both understanding evaporation after compound-nucleus formation . and . 

testing the respective computer code as a predictive tool. 

As can be seen from Fig. 7, there is qualitative agreement between 

experiment 'and predictions frbm a modified version (7) of the ALICE 

code (8) . The .fitting procedure results in values between 0.5 and .7% 

for this particular run with a graphite-felt catcher at 1500 to 2000~~. 

It is interesting to use the evaporation code for investigating 

different heavy-ion target-projectile combinations and beam energies 

in view of capailities of producing neutron-deficient isotopes, and to 

compare to higk-energy proton reactions. Taking mass-separated cesium as 

an example, the isotopic distribution from 600 MeV protons on a 

lanthanum target peaks near stability at a few 10'~ atoms/sec (or 1 Curie 

in saturation), and reaches a level of 1 atomlsec for '14cs (9). 

Reactions of on "Y cannot compete, disregarding the smaller width 

of the isotopic distribution, as peak rates do not exceed a few 
5 

10 atoms/sec (3r 10 PC in saturation) which represents a limit also 

for other elements with our present target, catcher and ion-source techno- 

logy. It is more promising, of course, to try to produce more neutron- 

deficient compolnd nuclei such as 12'ce (via 3 2 ~  on 92~0), lZ1~a (via 

"Ni on 63~u), or '16~a (via 58~i on 58~i) even if emission of several 

protons and/or alpha particles decreases the initial proton-to-neutron 

ratio. For the reaction "Ni on "Ni, which kill be discussed further in 

Section 5, an intensity of about 50 atoms!sec was estimated for the mass- 

separated '14cs beam of a recent experiment. It should be mentioned here, 

however, that this qualitative comparison just gives the present status 

which will almost certainly change according to technical development 

going on at different laboratories. 



For determination of isotopic distributions in the mass range 114 

to 124 from reactions of 'OAr with 8 9 ~ ,  6-y spectroscopy was perfsrmed 

with a tape station positioned in the focal plane of the separator for 

collection of a selected mass. After sufficient statistics has been 

accumulated, the tape carriage was moved into another mass-beam. As 

stability of UNILAC beam and separator efficiency were not controlled 

regularly during the scan, the experimental source-strength distributions 

have to be considered preliminary. In order to test the stability of the 

separator performance and the feasibility of measuring reliable isotopic 

distributions and excitation functions, respectively, 164~y(40~r,xn)20L-X~o 

reactions were investigated recently at 4.2 to 5.8 MeV/u incident 40~r- 

energy.,At a given UNILAC-beam energy three polonium isotopes were detected 

simultaneously by three alpha detectors mounted in the collector tank. The 

UNILAC-beam intensity was monitored by regular current measurements, the 

separator efficiency was controlled via a calibrated xenon leak (compaz-e 

Section 2 ) .  Preliminary results from this test experiment are shown in 

Fig. 8. The shift of experimental excitation functions with respect to 

predictions from evaporation calculation (7,8) support qualitatively 

earlier conclusions of Le Beyec et a1. (10) .' Without going into any dis- 

cussion of this shift here,we note the following advantages of the mass- 

separator method for measuring excitation functions: 

-1- ~naibi~uous mass assignment. 

-2- Sensitivity to low cross sections. (e.g. wings of distributions 
' 

adcessible down to less than 1/300 of peak height). 

-3-  Sufficient long-term stability (drifts in UNILAC beam inten- 
. . ' 

sities and separator efficiency can be corrected for) 
. . .  

. .  . . . 
5. Search 'for neutrdn-deficien't isotopes, 

. . . . 

Based on the qualitative agreement between experiment and evaporation 

calculations (7,8) for a series of 40~r-induced reactions, and neglecring 
15 3 

the energy shift mentioned above, reactions of 5 8 ~ i  ions on 58~i and Cu 

targets seemed to be promising for production of neutron deficient tr~ns- 

tin isotopes. First results on these reactions were published recently (11) 



and are reviewed here only briefly. 

Qualitative agreement (see Fig. 9) between experiment and pre- 

diction manifests itself in the identification of the nine new isotopes 

108-110~e, llO-l*q~, '14xe. (The tellurium assignments rehove a long- 

standing discrepancy in the literature.) The identification was accom-. 

plished by beta, gamma or X-ray spectroscopy (12) or by l article 
counting (13). Examples of particle spectra accumulated at mass 110 

and mass 111, respectively, are displayed in Fig., 10. . , 

lo8~e, lo9~e, 'l01, and "'1 form a new island of alphH emission 

above the shell closure at 2150. From comparing (13) ,the experimental 

alpha energies and other mass-differences far from stability with-mass 

predictions, the mass formula of Janecke and ~ h o n  (14) was chosen 'as 

a preliminary basis for the following conclusions. According to-the 

calculated proton-drip line (14), the isotopes 0.69 sec '''1 - 17 neu- 

trons away from stable 1 2 7 ~  - and .0.7 sec 114~s - 19 neutrons away.from 
stable 133~s - represent the last bound isotopes of iodine .and cesium, 

respectively (see Fig. 9). Beta strength-function systematics (16), 

which is plotted in Fig. 11 as derived from Q-value predictions (14) 

and half-life measurements from this work and from the literature, 

allows the extrapolation towards beta-decay half-lives of more neutron- 

deficient isotopes. Of special interest are the half-life predictions 

of 0.5 sec for and of 0.1 .to 0.2 sec for '13cs, since .both isotopes 

represent candidates for Coulomb-delayed proton emission from ground 

states (or proton radioactivity), a phenomenon, which may become accessible 

to experiment within the near future. 
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Figure 1 .  Layout of the GSI mass separator f a c i l i t y  on- 
l i n e  to  the heavy-ion accelerator Uh'ILAC. 



Figur* 2. Cross-sectional view of the target ion-source 
system. The UNILAC beam enters from the left side, beam- 
diagnostic instruments (screen, collimator, Faraday cup) 
are not shown. 



Figure 3. Separation of the isobaric doublet at mass 28, . 

using the FEBIAD ion source with different emission-. 
orifice diameters operated for maximum resolving power. 
Separator parameters: Single gap acceleration, accelera- . 
tion voltage 40 kV (stability 2-10-5). no collimation, . 

transmission 95%. dispersion perpendicular to ceatral 
beam 8.5 m/%, scanner pin diameter 20 pm. Vacuam: 
Injector chamber 8.10-7 torr, second lens and dispersion 
chamber 5.10-6 torr, collector chamber 2-10-~ torr. 
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Figure 4. Mass resolving power versus ionization 
efficiency for xenon .obtained with the FEBIAD ion 
source. Ap (Xe) is the observed xenon partial 'pressure' 
in the discharge chamber for the respective orifice 
diameter. Acceleration voltage 40 kV. Relative error: 
?7% for n, +2% up to ?5% for AIM. 
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Figure 5. Mass spectrum obtained with secondary electron multiplier. 
(a) Integral scan for FEBIAD mode: 90% beam transmission through slit 1 
and 2. (b) Differential scan for FEBIAD moce: Peak intensity reduced to 
% 11300 by slit 1. (c) Integral scan for surface ionization mode: Slits 
as in (a). Only rubidium and strontium peaks are seen, absence of sta- 
tistical fluctuations in background indicates counting rates of less than 
10 cps. Experimental conditions: Orifice diameter 0.4 mm, krypton partial 
pressure 1.1 x 10-5 mbar in the discharge chamber, krypton efficiency 14%. 
acceleration voltage 40 kV. Average source temperature 1800°K in FEBIAD 
mode and 1600°K in surface ionization mode; cathode temperature 2600°K. 
For more details see Ref. 6. 
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Figure 6.' ~eleasi-time distribrition .for 2.6 min li71 
recoils from 89~(40~r. 4p8n) reactions and 'a tadtaium 
catcher at 2500°C. A tape station. stopped the .mas;- 
separated beam at mass 117 in the collector tank,-during 
a preselected time-interval a6d rcoved the coliected , 
sample subsequently into a detector position where 
beta counting in a plastic scintillation detector ' , 

and ,gamma spectroscopy in a ~e(~i-j detector wkre ,' 
performed 'simultaneously. While such tollectiori- ; . 
transport-counting cycles were repeated,'the UNILAC 
beam was switched off. 'The resulting.release-time,: 
distribution was fitted by a sum of expohentials, 
the half-time components and respective weights are 
given as insets. 
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Figure 7. Isotopic distributions of antimony, iodine, 
cesium, and barium evaporation-residues from 5.9 MeVlu 
4 0 ~ r  induced reactions on 8%. Experimental source 
strengths n of mass-separated samples are given as 
points. Calculated primary-production rates qarget 
are drawn as solid lines for the independent cross 
section, dashed lines include cumulative effects. 
Experiment and calculation were fitted to each 
other by normalizing at one iso.tope (open point) 
for each element. The scaling factors ccrres?ond to 
overall efficiencies n. As barium was not released 
from the catcher, n was deduced via the decay- 
daughter cesium. 



164 Fi ure 8. Excitation functions for the reaction Dy 
(48Ar, xn) 204-xPo. Calculations shown were made using 
a modified version (7) of the ALICE code (8). Experi- 
mental alpha-line intensities represent a preliminary 
evaluation with only approximate corrections for in- 
stabilities of the UNILAC beam and the corresponding 
activity fluctuations, the accuracy of the data ob- 
tained in this way is estimated to f30X. Moreover, 
corrections for isotopic target-impurities and for 
energy spread of 40~r beam are not included. In 
order to use the alpha intensities as a relative 
cross-section measure, the alpha-branching ratio 
ought to be taken into account. 



Figure 9. Part of the chart of nuclides showing 
production rates calculated by the ALICE code for 
a 290 MeV 58~i beam of 2.10~' particles/sec incident 
on a 3.1 mg/cm2 58~i target (corresponding to 
excitation energies of the compound nucleus ranging 
from 50 to 80 MeV). The one-digit numbers below 
the isotope symbols indicate the order-of-magnitude 
of the production rate; 5, for example, stands for 
a range between lo5 and lo6 atoms/sec produced in 
the target. Hatched areas mark isotopes unambiguously 
identified in the literature. Cross-hatched areas 
mark stable isotopes. The new isotopes 108-i10~e, 
110-1131, 114~e (from 58Ni on S8~i) and '141 (from 
58~i on 6 3 ~ ~ )  as identified in the present work are 
given with their measured half-lives and particle 
activities in heavily outlined boxes. 
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Figure 10. Particles spectra measured by means of a 
300 mm2, 300 um thick surface barrier detector mounted 
at the collector position of the windmill system with 
a solii angle of 5% of 4n. The upper spectrum was 
accumulated at mass 110 during lllE collection periods 
of 2.0 sec each. Both the 3.39 MeV alpha line 

0.68 sec) and the "background" of delayed 
protons (0.70 sec) are assigned to ll01. The lower 
spectrum was accumulated at mass 111 during 851 
collection periods of 5.0 sec each. e 3.12 MeV 
alpha line (2.3 sec) is assigned to lT'1, the delayed 
protons (19 sec) to lll~e. Protons and a particles 
were discriminated by means of AE-E telescope count- 
ing the same samples after a 900 rotation of the 
windmill wings. 
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Fast Ion Beam Spectroscopv at the Marburg Separator. 

roehle; H.Huehnermann; G.Kroemer; Th.Meier; H.Wagner; W.Walcher 

Fachbereich 13, Philipps University, D-3550 Marburg, Renthof 5 

Summary. 

Fast ion beam spectroscopy of Xe and Be has been performed at the 
Marburg off-line separator to determine the optical hyperfine struct- 
ure and the isotope shift by means of a tunable laser. A reduction 
of the Doppler broadening of the spectral lines according to the 

calculaCions of Kaufman was observed. The error limits for the hy- 
. perfine splitting Tactors A and B and for.the isotope shifts were 

in the order of 0.05 mK (-1.5 MHZ).  On-line measurements on Ba seem 
possible 'for an ion current of lo5 ions/s with 100 counts per second 
at the detector in resonance.. 



Introduction: 

The Marburg separator constructed by Walcher 1937 'I] has been use? 

since its start in connection with optical hyperfine structcre (hf; 

and isoto~e shift measurements (is). The sensitivity of the classic- 

al measuring technique using a Schuler hollow cathode and Fabry- 
Perotintelferometer has been increased consideratly e.g. by intro- 
ducing phc-ton counting technique at the detector. The amount of 
material qecessary for one experiment decreased from mg-quantities 
to ng-quantities. Thus we were able to include redioactive isotopes 
with half lives down to 5 cays in our studies. Tte fast ion beam 
spectroscopy proposed by Kzufman c21 seemed to be especially suited 

for on-line work with short lived isotopes and therefore we investi- 

gated it experimentally with regard to line width, sensitivity and 
precision on xenon r3] ,. barium [4j and now (in progress) lanthanum. 
Some related studies have been performed by other groups [5], [6J, 

171, C ~ J .  

The experiments 

Fig.1 gives a schematical drawing of the experimental setup. Laser 
beam and nono-isotopic ion beam (here I2?xe+) intersect in ;he focal 
plane of the separator. This range is observed by a photomultiplier. 

Ion energies were about 20 keV. A hollow cathode ion source was 
used for Xe and Ba, a surface ion source of the Johnson type for Ba 

and La. The laser beam is produced by a dye laser (Spectra 'hysics 

580) which is pumped by a 5 W argon laser. The transition induced by 
the laser in the ion beam starts from a metastable ion s'ate A in 
fig.2 and goes to the level D ( A  = 605 nm). The fluorescence light 
has a wave length of 529 nm. The current of the photomultiplier as 
a function of the frequency scan of the laser is given in fig.3 for 
'29~e+. We observe a hfs pattern of three well separated components. 
For I3'xe+ (see fig.4) only 7 of 9 components are to be seel. 

The direct beam. Besides using a separated ion bsam it is p3ssible 
to use ths direct beam without separation Fig.5 gives the experiment- 

al setup with Ba while fig.6 shows the measured curve which contains 
the spectral lines for the most abundant Ba isotspes. Ths distances 
between lines of different isotopes are mainly given by the different 

Doppler shifts (due to the different velocities) and partly by the 

(atomic) isotope shifts. 
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Line width. Measuring the spectral lines in beam direction reduces 

the line widths ccnsiderably as shown in fig.7. The broad lines are 

se obtained in a Xe-gas discharge, the narrow ones are those 
,. ,.n the fast ion beam experiment. Kaufman [2 ]  has calculated that 

the broadening by Doppler effect of the spectral lines is reduced 
in the same measure as the differences in velocities which are re- 
duced due to the ecceleration by a factor 

I . kT thermal ion energy -0.1 eV F: = - 2 eUa ' ella acceleration energy -20 keV 

To observe the reduced line width the laser light has to be parallel 
to the ion beam (downstream) or antiparallel (upstream). 

We estimate the contributions to the line width for Ba as follows: 

contributions: I hV 

natural line width 

reduced Doppler broadening 
line width of laser 
high voltage ripple - 1 Vss 

ion beam divergence 

total line width estim. 
line width observed 

- 20 MHz - 1 MHz 

- 10 MHz - 15 MHz - 5 MHz 

- 30 MHz 

2 35 MHz 
Power broadening. Fig.7 shows the influence of laser power on the 
line shape and height in a direct ~a+-beam experiment. We observe 
above 16 mW a saturation and at 36 mW laser power even a dip in the 

? shape while the half width increases with laser power. We can- 
not yet explain this phenomenon but it has to be taken care of in 
order to obtain narrow lines. 

Sensitivity. To o.3tain a high sensitivity you have to reduce first 
the background light arriving at the photomi.dtiplier. It results from 

a) reflected laser light; b) from the glowing ion source; c) radia- 
tion from the residual gas molecules after collisions with the ions. 

Light with a frequency different from the observed transition is 

effectively reduced by a narrow band filter in front of the photo- 

multiplier. Therefore reflected laser light is easily eliminated. 



The influence of the ion so.Jrce is only observed in direct 3eam ex- 

periments not with a separated ion beam. Gas radietion is reduced 

by reduction of the residual gas pressure and by eliminating ion 

beams not to be measured which may be done with separated beams. 

For a 10 nA ~a+-beam ( 6 .  'lo1' ions/s) we obtained 2. lo5 counts per 
second at the detector. 

The efficiencies of the different steps is estimated as follows 
Process I efficiency 

Production and transport of 
metastable ions 
Excitation of the metastable 
ions in the observation region 
Distribution on differen? 
hf s components 
Transmission of the filter 
for the fluorescence light 

Quantum efficiency of the 
photomultiplier 
Solid angle of acceptance 
for the photomultiplier 

Total efficiency 1 - 
By increasing the angle of acceptance and some smaller changes we 
hope to increase the efficiency by a factor of about 100, i.e. for 
an ion current of lo5 ionsjs a counting rate of 500 comts per se- 
cond should be achieved. 

These values would allow on-line operation on line a reactor. The 
time lag znd the resulting limitation on the life times of the 

studied nuclei is only given by the on-line separation. 

Application: Fa& ion beam spectroscopy can be used to aeasure the 
nuclear spin I, the hyperfine structure splitting factors A , B ,  the 
isotope shift AvIS, and the mass of the ion mi. I is calculated . .  . 
fromthe hfspa t t e rn .A ,Bareca l cu la t ed  fromthe frequency differences 
of the hfs components. Our error is about 1.5 MHz and results from 
high tension instability and non-linearity of the laser scan. AvIS 
is calculated from the frequency differences of identical transitions 
from different isotopes. Our error is in the order of'1.5 MHz. mi 
has not been measured by us. You need large laser 'scans and preci- 



sion measurements of the acceleration voltage according to Kaufman. 

clusion: Our studies show that fast ion beam spectroscopy is well 
ted for on-line work with short lived nuclei. The precision of 

measurement is good and may be improved further by better stabili- 
zation of acceleration voltage and the laser. We are now building 
an on-line separator at the TRIGA-reactor at Mainz with a He-jet . 
system. Beside other applications the separator will be used for 
fast ion beam spectroscopy. 
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