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ABSTRACT 

The.ISOL f a c i l i t y  TRISTAN I1 is described and i t s  expected capabi l i -  

- tfes on-line t o  t h e  High Flux Beam Reactor (HFBR) at Rrookhaven National 

Laboratory are discussed.  I n  p a r t i c u l a r ,  t h e  range of i so topes  expected 

t o  be a v a i l a b l e  and' poss ib le  experimental s t u d i e s  of t h e  short- l ived 

f ission-product  i s o t o p e s . a r e  described. Background information consis t -  

ing o f  an ovorvicw of the study of iiiiclel T n l ,  C ~ I . I ! I ~  s ~ v b l l i c y  and a 

survey of e x i s t i n g  ISOL f a c i l i t i e s  is presented i n  order t o  a i d  i n  

evaluat ing t h e  present  s t a t u s  of the  study of n u c l e i  f a r  from s t a b i l i t y  

i n  genera l  and t h e  TRISTAN I1 f a c i l i t y  i n  p a r t i c u l a r .  
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I. INTRODUCTION 

The study of nuclei.far from B stability is a field of.research that 

has experienced considerable growth in recent years. To a large extent 

the growth has been a consequence of developments and improvements of 

.techniques associated with electromagnetic isotope separation (GMIS). 

In particular, the growth in the number of nuclei far from stability 
6 
1 

that are now available for study is due primarily to the facilities 

known as ISOL facilities (iostope separator on-line). The principle 

objective of the present report is to desqribe'the ISOL facility 

TRISTAN I1 and its expected capabilities on-line to the High Flux Beam 

Reactor (HFBR) at Brookhaven National Laboratory. In order to provide 

some of the general background information needed to evaluate the research 

program possible with TRISTAN I1 at the HFBR, a discussion of nuclei 

far from stability and a survey of existing ISOL facilities are first 

presented. , 

Section I1 consists of an overview of the study of nuclei far from 

stability, containing a brief discussion of interesting features and 

recent progress in the field. The discussion includes comments on the 

status of our knowledge, theoretical motivations for the study oi nuclei 

far from stability and a suimiary of the various experimental techniques 

used in such studies. Although the presentation is an overview rather 

than a comprehensive review, the important areas of the field and most 

significant recent,references to the field are included. Thus Section I1 

can be regarded as a brief introduction to the field and a mini-report 

nn J t s  present status. 



Sect ion  I11 p r e s e n t s  a  survey of e x i s t i n g  ISOL f a c i l i t i e s ,  including 

a t a b u l a t i o n  of  t h e i r  c h a r a c t e r i s t i c s  and a d iscuss ion of t h e  va r ious  

t a rge t - ion  source combinations. The emphasis i n  the discuss ion is on 

t h e  range of elements and i so topes  c u r r e n t l y  a v a i l a b l e  f o r  study. Mass 

and element p u r i t i e s ,  o v e r a l l  s epa ra t ion  e f f i c i e n c i e s ,  and h a l f - l i f e  

l i m i t a t i o n s  a r e  d iscussed i n  terms of ta rget - ion  source combinations. 

A g e n e r a l  summary of t h e  types  of s t u d i e s  done a t  ISOL f a i c l i t i e s  is 

a l s o  included. Rather than present ing  a d e t a i l e d  review of ind iv idua l  

ISOL f a c i l i t i e s ,  Sect ion  I11 i n d i c a t e s  t h e  present  c a p a b i l i t i e s  of 

o p e r a t i o n a l  ISOL f a c i l i t i e s  i n  both producing and studying shor t - l ived 

n u c l e i  f a r , f r o m  s t a b i l i t y .  

Sect ion  I V  desc r ibes  t h e  TRISTAN I1 f a c i l i t y ,  both i n  i ts  present  

ALRR (Ames Laboratory Research Reactor) l o c a t i o n  and a s  envisioned a t  

t h e  HFBR loca t ion .  F i s s i o n  y i e l d s  f o r  235~, h a l l - l i v e s  f o r  i so topes  

i n  t he  f issfon-product  range and o v e r a l l  e f f i c i e n c i e g  f o r  the,in.-beam 

integrated Larger and i o n  source used wi th  TRISTAN 11 are discussed.  

The 1-receeding information is  i r s ~ r l  t o  make an co t ima t iv~ l  ul:  he a c t l v i -  

t ies  of var ious  i so topes  expected with TRISTAN I1 a t  t h e  HFBR. On-line 

experimental  appara tus ,  both p resen t ly  a v a i l a b l e  with TRISTAN I1 and 

planned f o r  the  near  f u t u r e ,  i s  a l s o  b r i e f l y  described.  Sect ion I V  

t h u s  provides t h e  s p e c i f i c  information (range nf Csotoges ava i fnh lc  

and p o s s i b l e  experimental s t u d i e s )  needed t o  eva lua te  t h e  research  pro- 

gram p o s s i b l e  wi th  TRISTAN I1 a t  t h e  HFBR. 



11. NUCLEI FAR FROM BETA STABILITY 

A. General Comments 

Before the middle of the last decade, detailed studies of the decay 

properties of unstable nuclei were limited to nuclei rather near to the 

3 
region of 8 stability with half-lives greater than about 10 seconds. 

The ability to produce many.nuclei farther from stability has existed 
i: 

for more than two.decades.' Nuclei on the neutron-rich side of stability 

can be produced by asymmetric fission of 2 3 5 ~  by thermal neutrons, by 

symmetric fission of 2 3 8 ~  by high-energy protons or alpha particles, by 

spallation, or :by heavy ion. reactions. Nuclei on the neutron-deficient 

side of stability can be produced by high-energy proton spallation reactions 

or by heavy-ion induced reactions. In the last ten years much progress has 

been made in developing and improving techniques to utilize such reactions 

to make available for detailed and systematic studies an ever increasing 

variety . . of nuclei far from B stability. 

The general importance of studies of nuclei iar from 6 stability 

has long been recognized and expounded. References 1-3, the three 

international conferences on nuclei far from stability, contain a wealth 

of articles, reviews and references about this broad field. The article . 

in 1966 by Ingmar ~er~strilm,) entitled 'Why Should We Investigate Nuclides 

Far Off the Stability Line," is a cogent presentation o f  arguments for 

extending research efforts further from the stability line. These four 

basic references (and the references contained therein) include much 

more detailed information about the field than can possibly be summarized 

here. However, brief mention will be made in the following of certain 

features and recent progress in the study of nuclei far from stability. 



' ~ i ~ .  1 : Chart o f .  the nuclides, showing the. 1 i m i  ts  o f  our present knowledge, p a r t i c l e  . . dr ip- l ine  
predictions, magic nucleon numbers, and regions o f  deformation. 



B. Status of Our Knowledge 

Before proceeding to outline the concepts of nuclear theory involved 

in the properties of nuclei far from stability, it is worthwhile to 

review the status of our knowledge of such nuclei. In the chart of the 

nuclides given in Fig. 1, the solid squares indicate the stable or 

naturally-occuring radionuclides. The squares representing presently ( ,  

1 

known nuclides (as of mid 1976) are contained within the solid outline. 

The predicted particle stability limits, or proton and neutron drip 

lines, are indicated by X's. The locations of these drip-line nuclei 

were obtained by rather severe extrapolations of the mass formula of 

Seeger and ~oward~ or, for the low-mass region, the systematics of 

Garvey -- et a1. Although experimentally unconfirmed, these drip lines 

serve to outline the region of interest of the chart of nuclides for 

nuclear structure studies. 

Between the particle-stability limits lie approximately 5100 nuclei, 

for which it is interesting to consider to following numerology. 

Class of Nuclides Number % of Total 

Stable or naturaiiy occuring radionuclides 283 .: 6% 

Known neutron-deficient radionuclides % 970 % 19% 

Unknown neutron-deficient radionuclides % 570 % 13% 

Know neutron-excess radionuclides 650 % 11% 

Unknown neutron-excess radionuclides . % 2600 ' %  51% 

The stable and known radionuclides number about 1900, or less than 
I 

40% of the total. For a large fraction of these 1900, our knowledge is 

either very ,incomplete or quite skimpy, particularly as concerns detailed 



decay.scheme or level structure information on the nuclei farthest from 

stability. When we consider this numerology, we can only conclude that 

we have merely scratched the surface with our present knowledge and have 

much yet to explore. 

As an indication of the progress made in this exploration since the 

beginning of this decade, we can compare the above numerology with that 

' made by Dropesky and ~albert' in 1970. The known neutron-deficient and 

neutron-excess nuclei have increa~ed in number by n~ 185 and Q 140 

respectively, thcreby increasing the number of "known" nuclei from 

% 1600 to % 1900. Naturally the study of many of these "new" nuclei has 

just begun and oniy a small fraction of these has been studied in 

detail. However, this substantial increase in number shows that facilities 

and techniques now exist that allow the properties of nuclei far from 

stability to be pursued with increasing success. 

C. Theoretical Motivations 

Thc two booic framcworlrs of our prcocat undcrotanding 09 nuclcar 

structure were built upon the shell closure and collective effects 

deduced from the properties of nuclei lying reasonably close to the 

stability line. The magic nucleon numbers for spherical nuclei are 

indicated in Fig. 1 by heavy lines. The regions between closed shells 

whcrc nuclcar deformation and thc resulting collective effects are known 

or predicted to occur are also indicated in Fig. 1. To quote from the 

recent review talk by Ray  hel line,^ such a chart as Fig. 1 can be considered 
as "a kind of road map of the interesting places we hope to visit in the 

years ahead." The following paragraphs provide a brief discussion of 

the highlights of some of the more interesting places. 
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A s  concerns s h e l l  c l o s u r e  e f f e c t s ,  i t  is  of s p e c i a l  i n t e r e s t  t o  

determine whether t h e  magic numbers v a l i d i n e a r  s t a b i l i t y  remain v a l i d  

f a r  from s t a b i l i t y .  The doub lymag ic  n u c l e i  4 ~ e ,  160,  4 0 ~ a ,  4 8 ~ a  and 

'08pb were in s t rumen ta l  i n  e s t a b l i s h i n g  our  p re sen t  understanding of 

nuc lea r  s h e l l  s t r u c t u r e .  However, o t h e r  doubly magic n u c l e i  l i e  f a r t h e r  

from s t a b i l i t y  t han  do t h e  above n u c l e i .  The p red ic t ed  doubly magic l i  

I1 
n u c l e i  56~i ,  78~i ,  loOSn and 132~n  a r e  of extreme i n t e r e s t  ( a s  would be  

280, i f  it is  p a r t i c l e  s t a b l e ) .  S ince  1970, t h e  p r o p e r t i e s  of 5 6 ~ i  have 

been ex tens ive ly  s t u d i e d  and t h e  s tudy  of t h e  r eg ion  around 132~n  has  

r e c e n t l y  begun i n  e a r n e s t .  T h e  s t u d i e s  i n d i c a t e  t h a t  t h e  5 6 ~ i  and 1 3 2 ~ n  

r eg ions  can be i n t e r p r e t e d  i n  terms of double s h e l l  c l o s u r e .  The 

sys t ema t i c  s t u d i e s  of t h e s e  r eg ions  have been both  i n t e r e s t i n g  and 

rewarding. Decay s t u d i e s  i n  t hese  r eg ions  a r e  provid ing  e s s e n t i a l  

in format ion  about t h e  s i n g l e - p a r t i c l e  e x c i t a t i o n s  and nucleon couplings 

which a r e  necessary  t o  determine t h e  d e t a i l s . o f  t h e  s h e l l  c l o s u r e  e f f e c t s .  

The success  i n  reaching  t h e  1 3 2 ~ n  r eg ion  i n  t h e  l a s t  few yea r s  a l s o  

i n c r e a s e s  our  expec ta t ions  t h a t  t h e  o t h e r .  e x o t i c  r eg ions  around 7 8 ~ i  

and loOSn may be o b t a i n a b l e  i n  t h e  no t  t oo  d i s t a n t  f u t u r e .  

Nuclear deformation occurs  f o r  n u c l e i  w i th  nucleon numbers i n t e r -  

mediate  between c losed  s h e l l  numbers. S tud ie s  of c o l l e c t i v e  e f f e c t s  i n  

t h e  deformed r eg ions  of t h e  r a r e  e a r t h s  and a c t i n i d e s  near  s t a b i l i t y  

have r e s u l t e d  i n  t h e  formula t ion  of a v a r i e t y  of i n t e r p r e t a t i o n s  based 

on c o l l e c t i v e  behavior  of nucleons. Other deformed r eg ions  which l i e  

f u r t h e r  from s t a b i l i t y  have been p red ic t ed  t o  e x i s t .  On t h e  neutron- 

d e f i c i e n t  s i d e  of s t a b i l i t y  t h e  deformed r eg ions  t h a t  a r e  i n d i c a t e d  i n  

Fig. 1 as roughly cen te red  nea r  8 0 ~ r  and 12*6d have begun t o  be  explored.  



In the latter case only the edges of the region have been preliminarily 

studied and the center of the region remains conjectural. The neutron- 

deficient Ra and Th nuclei near A = 205 are predicted to exhibit rotational 

features similar to those seen in the neutron-deficient Ba isotopes. 
8 

On the neutron-excess side of stability the deformed regions centered 

roughly near lo4zr and 168~y are beginning to be explored. A very large 

number. of potentially deformed neutron-rich lanthanides around 180~d 

have not yet begun to be studied. In the region approaching lo42r, 

systematic studies have been made in the last few years and the results 

to date have indicated very interesting features in this region. The 

study of these deformed regions off the stability line will undoubtedly 

extend our understanding of the modes of co,llective behavior in nuclei 

and perhaps provide a more fundamental basis for such behavior. 

Transitional nuclei, with nucleon numbers too far from closed 

shells to be adequately handled with a spherical shell-model approach 

and too cloke to closed shells to be deformed, comprise the most numerous 

class of nuclei. Because of their structural complexity, they are the 

most poorly understood. Their interpretation requires a unification of 

the shell-model and collective approaches. The systematic study of such 

nuclei, by following the evolution of level structures as the proton and 

neutron numbers progress through the transition regions, is required to 

obtain the understanding needed to formulate an adequate unified inter- 

pretation. Such systematic studies are beginning to be made'in transi- 

tional regions away from stability. For neutron-deficient nuclei of the 

rare-earth transitional region, both high-spin state phenomena and 

detailed decay schemes are being systematically mapped. Neutron-rich 



transitional nuclei in the second transit ion-metal region are also 

beginning to be systematically explored vi"a decay studies. The structures 

emerging from this very rewarding research include many features, such 

as decoupled bands, highly distorted rotational and vibrational bands, 

and vibrational-rotational coexistence. Some of these, features seem to 

be quite different 

theoretical concep 

from the behavior of nuclei nearer stability. The 

ts of shape coexistence and triaxial nuclei are only 
I 

two of the ideas currently being applied to these nuclei. Continued 

systematic studies of transitional nuclei away from stability may pro- 

vide the experimental information needed to test the various theoretical 

approaches to such nuclei and contribute to the formulation of an 

adequate unified model. 

One of the unique features of nuclei far f,rom stability is the 

process of delayed particle emission, which becomes increasingly important 

fur nuclei farthcr and farther from stability. Due to the high 8- 

decay energies of such nuclei, 8-delayed particle emission (neutron 

emission for neutron-rich nuclei and proton or alpha emission for neutron- 

deficient nuclei) occurs following f3-decay to excited states whose 

excitation energy exceeds the particle binding energy in the product 

nucleus of the 6-decay. Although the existence of delayed particle 

emission had been known for many years, until the last few years the 
I 

only information consisted of half-lives and emission probabilities. 

Recent measurements of delayed-parricfe energy spectra, $ ctrength 

functions, and competition between particle emission and y decay have 

stimulated increased theoretical attempts to explain the observed features. 

At the CargE~e ~onference~ several prpers wrre preqented , .  on recant data 

and statistical models, including extensions and refinements to such 



models. The statistical approach can account reasonably well for delayed- 
0 

proton spectra, but structure effects need to be included to account for 

the prominent line structure observed in delayed-neutron spectra. In 

both cases our understanding is not adequate, although explanations are 

beginning to be formulated. Although progress has been made in the last 

few years, it is clear that much more information is needed to obtain an 

adequate understanding of delayed particle emission. 

For certain astrophysical theories. it 1s nPrPssary to obtain 

increased knowledge of propertieo of nuelei veIy far from etahi-1-ity, 

particularly on the neutron-rich side. Models of the nucleosynthesis of 

the heavy elements, including superheavy elements, require as input data 

such properties as B-decay energies, neutron separation energies, 8- 

decay rates and neutron capture rates. Improved knowledge of the mass 

surface is crucial since sevese extrapolations (well beyond the nuclei 

used in establishing present mass formulas) are m d e  in the calculations. 

In addition to the static .r-process models of nucleosynthesi8, recent 

efforts have involved dynamical r-process models and dynamic models of a 

more general n-process in which neutron-capture and B-decay rates may be 

comparable. These dynamic models require absolute rates for @-decay 

and neutron capture. In aJdlLlon, delayed-neutron and delayed-fission 

branching rates affect the calculations. The latter in particular may 

be crucial in determining whether the r-process could produce superheavy 

nuclei or would terminate at lower atomic numbers. The development of 

these more refined nucleosynthesis models has resulted in increased 

demand for new information on neutron-rich nuclei. 



D. Techniques f o r  Studying Nuclei  Far  from S t a b i l i t y  

Severa l  d i f f e r e n t  techniques have been used i n  t h e  s tudy  of h igh ly  

uns t ab le  n u c l e i .  The nuc lea r  r e a c t i o n s  used t o  produce t h e  i s o t o p e s  of 

i n t e r e s t  span a l a r g e  range of primary product ion rates. React ion pro- 

11 
duc t ion  r a t e s  a s  h igh  a s  10  / s e c  can be obta ined  wi th  high-energy 

s p a l l a t i o n  r e a c t i o n s  o r  thermal  neut ron  f i s ' s ion .  For heavy-ion r e a c t i o n s  

6 
t h e  h ighes t  product ion  r a t e s  a r e  of t h e  o rde r  of 10 / s e c  due t o  beam 

i n t e n s i t y  l i m i t s  on the t h i n  t a r g e t s  used and low c r o s s  s e c t i o n s .  

p roduct ion  rates f o r  o t h e r  types  of a c c e l e r a t o r s  gene ra l ly  f a l l  i n  t h e  

in t e rmed ia t e  region.  Product ion r a t e s  f o r  t h e  more e x o t i c  n u c l e i  can be  

w e l l  below t h e s e  approximate upper limits s i n c e  t h e  lower l i m i t s  of 

u s e f u l  r a d i o a c t i v i t y  r a t e s  depend not  on ly  on t h e  primary r a t e  f a c t o r s  

(such a s  t a r g e t ,  type  of p r o j e c t i l e ,  p r o j e c t i l e  energy, e t c . )  bu t  a l s o  

on t h e  p a r t i c u l a r  technique used t o  s tudy  t h e  r e a c t i o n  products  of 

i n t e r e s t .  

Secondary rates can be def ined  a s  t h e  r a d i o a c t i v i t y  rates of t h e  

i so topes  of i n t e r e s t  a t  t h e  d e t e c t i o n  s t a t i o n s  of t h e  system. The 

minimum secondary rates a v a i l a b l e  depend q u i t e  s t r o n g l y  on t h e  product ion  

technique  used. The minimum secondary rates needed, however, depend on 

t h e ' t y p e  of s tudy  t o  be made and, except  f o r  cons ide ra t ions  of back- 

ground o r  o t h e r  i n t e r f e r i n g  r a d i a t i o n  r a t e s ,  a r e  e s s e n t i a l l y  independent 

of t h e  technique  used. 

3 4 For d e t a i l e d  decay scheme s t u d i e s ,  minimum r a t e s  of 10  -10 / s e c  

a r e  needed. For s i n g l e s  s t u d i e s  of major y - t r a n s i t i o n s  o r  f o r  y i e l d  

2 determina t ion ,  t h e  minimum i s  % . l o  / s ec .  I f  background l e v e l s  a r e  low 

enough, it i s  p o s s i b l e  .tn measure half-l ives w i t h  r a t e s  of 1-10/sec, 



i d e n t i f y  new i so topes  f a r  from s t a b i l i t y  with r a t e s  of 1-lO/min, and 
. G  

sea rch  f o r  e s p e c i a l l y  e x o t i c  nuc le i ,  such a s  superheavies, with r a t e s  a s  

low a s  % l / h r .  

A technique i n  which primary and secondary r a t e s  a r e  near ly  iden- 

t i c a l  is  in-beam spectroscopy f o r  r eac t ions  t h a t  a r e  extremely s e l e c t i v e  

i n  production of t h e  product nucleus of i n t e r e s t .  Heavy-ion reac t ions  

wi th  s t rong energy-dependent c ross  sec t ions  a r e  bes t  s u i t e d  f o r  in-beam 

s t u d i e s .  The l i m i t i n g  f a c t o r s  are background and in te r fe rences  from 

o ther  r e a c t i o n  products. The latter can o f ten  be circumvented by repeat- 

ing  t h e  experiment a t  d i f f e r e n t  p r o j e c t i l e  energies i n  order t o  cor rec t  

f o r  t h e  i n t e r f e r i n g  contr ibut ions .  In-beam s t u d i e s  a r e  p a r t i c u l a r l y  

s u i t e d  t o  s t u d i e s  of very short- l ived high-spin s t a t e s  of neutron- 

d e f i c i e n t  nucle i .  Since t h e  only product s e l e c t i v i t y  is  t h e  energy 

dependence of t h e  c ross  sec t ions ,  t h e  l ack  of mass and element s e l e c t i v i t y  

among t h e  reac t ion  products provides a severe l i m i t a t i o n  of in-beam 

spectroscopy f o r  genera l  o r  d e t a i l e d  decay scheme s tud ies .  

Chemical techniques t o  separa te  r eac t ion  products according t o  

t h e i r  chemical p roper t i e s  are some of t h e  o ldes t  techniques used. Off- 

l i n e  methods involving separa te  s t e p s  of production, chemical separa t ion 

(and possibly subsequent,mass separa t ion)  a r e  basically limited t o  

products  with ha l f - l ives  g r e a t e r  than a few minutes due t o  t h e  inherent  

slowness of conventional chemical separa t ion techniques. Recent develop- 

ments i n  rapid  radiochemical techniques, spanning continuous and discon- 

t inuous  methods f o r  separa t ion i n  both l i q u i d  and gas phases, have been 

reviewed by Trautmann and ~errmann. '  The recent  advances have made 

poss ib le  s t u d i e s  of a c t i v i t i e s  with ha l f - l ives  a s  low a s  % 1 sec.  



One of the major advantages of such techniques is the high elemental 

selectivity and sensitivity, which may be sufficient when interferences 

from o'ther radioactive isotopes of the separated element are not restric- 

tive. Combinations of- rapid chemical techniques with mass separation 

for a variety of short-lived isotopes remains a basic goal which may 

hopefully be obtained within a few years. 

The gas-jet recoil transport technique has had widespread use to 
1) 
I 

transport reaction recoil products to detector locations. Transport 

times, which are determined by the gas flow rate, are typically % 1 sec. 

As the process is essentially chemically unselective with no mass selec- 

tion, the main advantage for nuclear spectroscopic studies is the reduc- 

tion of background by transport to a well-shielded detector location. 

Decay studies in coincidence with x-rays can restore a degree of element 

selection but would still have no mass selection. Plans to couple the 

gas-jet technique to a time-of-flight system to detect the nuclear 

recoils following decay events would add mass selectivity to a gas-jet 

transport system. The coupling of gas-jet systems to standard mass 

separator systems will be discussed in the following section. 

Reaction recoil products can.be directly identified and labelled 

according to mass A and charge Z for light and medium mass nuclei. 

Measurements of differential energy loss (AE/Ax) and kinetic energy E 

can identify A and Z for llght n1.1slei. With rapid time-of-flight detectors 

in conjunction w i t h  AE detectors, A and Z identification can be extended 

to slightly higher A and Z values. With the addition of magnetic analysis, 

A and Z limits of % 100 and % 40 can be obtained. (For details on the 

current status of such techniques see Ref. 3). This class of particle 



identification techniques provides A and Z identification but not separa- 

tion, hence can be used only to identify new isotopes in addition to 

providing reaction yield information. They are unsuited for decay 

scheme or level structure studies which require systems with separation 

features. 

Mass separation has been a powerful technique in the study of 

nuclei far from stability. Earlier reviews ''-I2 on mass separation as 

applied to such studies provide an introduction and references 13-16 

trace major developments in this field. The most significant develop- 

ment has been the establishment of on-line systems that are able to 

provide mass-separated short-lived isotopes. On-line mass selection 

J 
systems can be divided into two classes: direct and indirect. Indirect 

syste~ns are discussed in the following section. With direct systems the 

reaction products recoil directly into a mass separation system that 

acts on properties such as charge and energy as well as the mass of the 

recoiling particles. Three different approaches have been realized: 

kinematic separators, gas-filled magnetic separators, and combined 

electric and magnetic separators. The principles have been reviewed and 

compared with indirect methndn hy Armbruster. 
17 

Kinematic OP vclseity-filter syatauv (vuch as SHIP ar Damstadt) 

fall in a special class as the major purpose is to deflect the transmitted 

primary beam from the forward-directed fusion-reaction or evaporation- 

residue beam in order to greatly reduce the primary-beam induced back- 

ground at the detection located in the forward direction. The 

velocity-filter technique, since it selects particles within a velocity 

window, does not provide mass or charge separation. Secondary stage 



systems would be required f o r  such separa t ions .  

Gas-f i l led magnetic sepa ra to r s  (such a s  JOSEF a t  JUlich) have a 

d e f l e c t i o n  of r e c o i l  products which depends on the  average charge of ;he 

r e c o i l i n g  ion ' a s '  i t  t r a v e r s e s  the  gas - f i l l ed  magnet f i e l d ;  t h e  de f l ec t ion .  

depends only weakly on t h e  ion  ve loc i ty .  Moderate mass and charge re- 

2 
solving powers ($ 10-10 ) can be obtained which a r e  adequate f o r  i so tope  

,; 

i d e n t i f i c a t i o n .  Combined e l e c t r i c  and magnetic f i e l d  d e f l e c t i o n s  ( a s  

with LOHENGRIN a t  L re noble) of r eac t ion  r e c o i l s  can provide r e l a t i v e l y  

3 high resolv ing power ($10 ) f o r  t h e  i o n i c  charge t o  mass r a t i o ,  from 

which unique mass assignment can be made. With an a d d i t i o n a l  Z-sensi t ive 

s t age ,  such a s  an energy-loss time-of-flight system, adequate Z resolu-  

t i o n  can be obtained. Both the  JOSEF and LOHENGRIN f a c i l i t i e s  a r e  . . 

discussed again i n  t h e  following sec t ion .  



111. SURVEY OF ISOL SYSTEMS 

A. General Features  

The term ISOL (Isotope - - Separator  - On-Line) - has commonly been reserved 

f o r  systems i n  which a labora tory  s c a l e  mass separa tor  i s  operated on- 

l i n e  i n  an i n d i r e c t  but  continuous mode.ll The bas ic  s t e p s  involved a r e  

t h e  stopping of r e a c t i o n  products, an element s e l e c t i o n  and ion iza t ion  

process,' followed by e l e c t r o s t a t i c  acce le ra t ion  and mass s e l e c t i o n  by , 
magnetic de f lec t ion .  The element s e l e c t i o n  process and ion iza t ion  may 

be done e i t h e r  separa te ly  o r  simultaneously. References 2, 10-13 

con ta in  e a r l i e r  reviews on ISOL systems and r e f s .  14-16 t r a c e  more 

recen t  advances. I n  t h e  present  b r i e f  survey of ISOL systems, recognit ion 

is made of t h e  f a c t  t h a t  most of t h e  ISOL systems o f t e n  do not provide 

complete i so tope  separa t ion  but  ins tead give  some degree of i so tope 

s e l e c t i o n .  Only f o r  c e r t a i n  c l a s s e s  of elements i s  it poss ib le  t o  

achieve complete i so tope  separa t ion.  Although it would thus be more 

appropr ia te  t o  use  t h e  genera l  l a b e l  of mass separa tor  on-line ins tead 

of i so tope  separa to r  on-line, t h e  term ISOL w i l l  be re ta ined here  due t o  

its common acceptance. The term ISOL w i l l  be used i n  t h e  broader sense, , 

a s  t h e  d i r e c t  r e c o i l  systems JOSEF and LOHENGRIN, which inherent ly  have 

no element s e l e c t i o n ,  a r e  included. 

Tables 1 and 2 present  c h a r a c t e r i s t i c s  of e x i s t i n g  ISOL f a c i l i f f e s  

a t  r e a c t o r s  and acce le ra to r s ,  respect ively .  Table 3 lists the  most 

r ecen t  o r  e spec ia l ly  u s e f u l  references  f o r  each f a c i l i t y ;  f u r t h e r  refer -  

ences from conference proceedings are given i n  parentheses. The condensa- 

t i o n  necessary f o r  such t abu la t ion  is q u i t e  severe  and l eads  t o  t h e  

l i s t i n g  of c h a r a c t e r i s t i c s  i n  a r a t h e r  general  form. For reactor-based 



Neutran flux Delav tlme Type of Approximate 
Name. location Target anr at target from production ion source Elements extracted, vith overall 

(initial ope-ation) target conditions ( ~ m - ~  scc-') to ionization (temperature) decay products excluded elf iciency 

TRTSTAN, .hes -11 as UO! 2 x lJI3 th. 12 ser trans. oscil. elect. Kr. Xe 
CNov. 1956) (O.2g at 600'C) (1700°C) 

23511 as steazace 3 x 109 th. 1.2 sec trans. Br.Kr.I.Xe 
. (2-68 at 20'C) 

1-lo2 sec oscil. elect. Zn,Ca.Cs.As.Br.Kr.Rb.Sr. 10-~-10-~ 
(1SOO'C) ~~.cd.~n.Sn.Sb,Te,I,Xe,.Cs~Ba 

ARIEL. Crmoble 233.55.38~. !32~~, lo8 1L-MeV 4-6 sec trans. oscil. elect. Kr.Xe 
#June 1568) (4g UO: or stearate) (170OoC) 

SOLIS. Sc.req 2 3 5 ~  as stezrate 2 x -0' th. 0.3 sec trans. oscil. elect. Kr.Xe 10-2-10-1 
:July 1968) ( 2 4 s  at 2C°C) (1 700°C) 

0.1 sec surface ion. Rb.Cs;Br,I 
(180O0C) 

oscil. elect. Zn,Ca,Ge.As.Br,Kr.Rb.Sr. ;3-4-10-2 
( L5OO0C) Ag.Cd.In.Sn,Sb.Te.I,XeeCs,Ba 

OSKRIS. S:udsvik 2351' as LO, + UC 4 x LO" th. 1-10? sec 
(July 1.26d) (O.2p at 1 5 0 0 ~ ~ )  

oscil. elecc. Br.Kr.I.Xe 
( L7OOnC) 

IALE. Suenos Aires 23jl' as stearate 5 x 10' th. 1 sec trans. 
byarch 1369) (14s at ZO'C) 

D S E F .  .J;1ichf ?35~: as u3 1 x 10lb ch. ' .-sec recoil 
-. . <:;Jv. i - 0 ~ ~ 6  at j&c) 

none - recoil all fission products (there 10-j-10-4 
in Torr Rns is no cl~erniral selecr'vity:, 

5 x )$lo tl,. 8 sec trans. hdllow carh. 
(220CCC) 

Sb,Sb.Te.I.Xe,Cs,Ba,Ce,Pr + lo-: 
others (survey incomplete) 

10-5-10-i 

. 9 ,  

? sec trans. 

5 r 1011 th ? sec trans. 

2351: as 102 
(lg at 1600°C) 

5 109 th. 0.1 sec surface ion. 
(Sr.Ba: 7 min.) (1600°C) 

LGH2;CK:S. irenoble* 
I?(nr:h 19i;) 

5 lo14 [I,. ~ s e c  recoil non - recoil 
in vacuum 

all fissior. products (there 10-6-10-j 
is no chemjcal selectivity) 

R~.CS io-2 3 109 0.1 sec surface ion. 
(1800°C) 

2351i as .J02 
(lg at 1801°C) 

3 1011 th. 0.1 sec surface ion. 
(1800°C) 

'- ..:.. . . :-\. ... ;... :r often classified as rass analyzer Tarher than ISOL. 
- -.-- 



TABLE 2: OURACTERISTICS CF EXISTING ISJL FACILITIES AT ACCELERATORS 

Delay tlme Type of Approximate 
Name, locaticn General claesification Prrticle current irom prod~ction ion source - EIements extracted. with overall 

(initial operation; of target materials and energy to ionization (temperature: decay protucts excluded efficiency 

ISOLDE, Geneva 
(Oct. 1967) 

hydrous oxides of Zr. 
Ce, Th (room temp.) 

10 - 10' sec 

10 - 103 sec 

10 - 10' sec 

10 - lo2 see 

1 - 10' sec 

10-1 - 1 sec 

--- 

10-I - 10 see 

3-1 - 102 sec 

1.0-1 - lo2 sec 

10 - 30 sec 
(gas flow time) 

102 - 103 sec 

10 - 102 sec 

1 - 103 ,c 

LO - 103 sec 

10 - lo2 sec 

0.5 - 1 sec 
(gas flow time) 

1 - 10 sec 

110-1 - 1 s.c 

10-I sec 

oscil, elect 
(110O0C) 

molten metals or alloys 
(600 - 14OO0C; 

oscil. elect. 
or surface ioc. 

ThP -LiF eutectic 
(200 - ?0O0C) oscil. elect. 

(1613OoC) 

Ce. Th ceranic oxides 
(500 - 2100°C) 

fine powders of Nb, Ta 
(2000 - :20O0C.) 

surface ion. 
(280OYC) 

238~02 in 3raphite 
matrix (iOOO°C) 

surface ion. 
~ 2 0 0 0 ~ ~ ~  

all targets above can 
be used with ISOLDE I1 

any of the 
types above 

all 24 elem-nts above are 
?ossible vLrh ISOLDE I1 

PINGIS, Stockholm 
(June 1969) 

thln Pt foils 
(1600'C) 

oscil. elect. 
(1600.C) 

238~~,, in graphite 
matAx (L5CO0C) 

WISOR, Oak Ridge 
(Sept. 1972) 

thin metal foils 
(200 - 1:oo'C) 

oscil. elect. 
(16COSC) 

thin metal f ~ i l s  with 
He jet flov system 

hollow cath. 
(2O0O0C) 

"ISOL", Tokyo 
(Nov. 1972) 

orpcil. elect. 
(1500°C) 

hcllov cath. 
(22OO0C) 

BEMS, Dubna 
(Nov. 1973) 

thin metal foils 
(200 - 1000°C) surface ion. 

(270'3°C) 
RbCs,Ba,La,?r. 
Nd,Po,Sm,Eu,)y 

Cd,In,Sb,Ho,Cr,Tm,Yb, 
Au.Hg,Tl,Bi,"o,At,€r 

all 14 elemeats above are 
pxsfble wit1 ISOCELE I1 

I7 

ISOCELE, Orsay 
(Mar. 1974) 

nolten metals or alloys 
(700 - 1890°C) 

oscil. elect. 
(1800°C) 

LCSOL. Heverlee 
(Hay 1975) 

Mo (3s filament 
of ion source) 

oscil. elect. 
(1800°C) 

"ISOL", JyvilskyU 
(Sept. 1975) 

thin oetal foils 
(He jet at 80°K) 

oscil. elect. 
(1300°C) 

thin oetal foils 
(He jet with NaC1) 

hollow cath. 
:2000"C) 

thin oetal foils 
(500 - 10C10~C) 

"ISOL", Oarmstadt 
(Jan. 1976) 

di~ect dis. 
rzoococ) 

surface ion. 
r2000°c) 

"tSOL", ncci11 
(Jan. 1976) 

2 3 8 ~  and 2 3 3 ~ h  
(15OO0C) 

surface ion. 
12O0O0C) 



TABLE 3: S o u r c e  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 

ARIEL 

R e f .  18 ( ~ l s o  R e f .  13-16) 

R e f .  1 9  ( A l s o  R e f .  13) 

S O L I S  R e f .  2 0 ,  2 1  ( A l s o  R e f .  13-15) 

O S I R I S  , R e f .  2 2 - 2 4  ( A l s o  R e f .  3, 13, 1 4 )  

IALE ~ e f .  2 5  ( A l s o  R e f .  13) 

J O S E F  R e f .  2 6 ,  2 7  ( A l s o  R e f .  3, 13, 14)  

S I R I U S  R e f .  2 8  ( A l s o  R e f .  14)  

SOLAR R e f .  2 9 ,  30 

LOHENGRIN ' ' R e f .  ,31 ( A l s o  R e f ;  3, 13, 1 4 )  

O S T I S  R e f .  3 2  

"ISOL" M a i n z  ~ e f .  33 

ISOLDE R e f .  3 4 ,  35 ( A l s o  R e f .  3, 13-15) 
. . 

P I N G I S  

UNISOR 

R e f .  36 ( A l s o  R e f .  13, 1 4 ,  16) 

R e f .  3 7 ,  38 ( A l s o  R e f .  1 4 , , 1 5 )  

"TSOL" Tnkyo Ref. 39 

BEMS R e f .  4 0 ,  4 1  ( A l s o  R e f .  3) 

ISOCELE R e f .  4 2 ,  4 3  ( A l s o  R e f .  1 4 ,  15) 

L I S O L  R e f .  4 4  ( A l s o  R e f .  15) 

"ISOL" J y v 2 s k y l g  ~ e f  . 4 5  ( A l s o  R e f .  15) 

"ISOL" D a r m s t a d t  R e f .  4 6 ,  4 7  ( A l s o  R e f .  1 4 ,  15) 

"ISOL" M c G i l l  R e f .  4 8  



f a c i l i t i e s  t h e  t a r g e t  and neutron f l u x  a r e  much more s p e c i f i c  than is  

t h e  case  f o r  t h e  analogous q u a n t i t i e s  at accelerator-based f a c i l i t i e s .  

(With t h e  l a t t e r  t h e  maximum p a r t i c l e  cur ren t s  l i s t e d  can, f o r  c e r t a i n  

t a r g e t s ,  g r e a t l y  exceed t h e  p a r t i c l e  cur ren t  t h a t  t h e  t a r g e t  can bear.)  

General l a b e l s  a r e  used f o r  ion-source types s ince  t h e  v a r i a t i o n s  wi th in  

each type c l a s s  cannot be adequately described i n  such a t ab le .  Only 

ranges f o r  delay  times and o v e r a l l  e f f i c i e n c i e s  a r e  presented f o r  t h e  

elements t h a t  have been ext rac ted  from a given t a r g e t  and ion source 
I 

combination. (The o v e r a l l  e f f i c i cncy  f o r  on i ~ o t o p c  i o  defined oo t h e  

mass-separated f r a c t i o n  of the  i so tope produced i n  t h e  t a r g e t ;  t h e  delay 

time is t h e  average t i m e  between production and m a s s  separat ion.)  

The 'overa l l  e f f i c i e n c y  f o r  a  p a r t i c u l a r  i so tope genera l ly  depends 

on both Z (chemical dependence) and T (delay-time dependence) f o r  a  
112 

given combination of ion-source and t a r g e t .  For isotopes with hal f -  

l i v e s  long compared t o  t h e  delay time, t h e  o v e r a l l  e f f i c i ency  is  indepen- 

dent  of TIl2. The e f f i c i e n c i e s  given i n  Tables 1 and 2 r e f e r  t o  longer- 

l i v e d  i so topes  of t h e  elements ex t rac ted ,  and t h e  e f f i c iency  range 

l i s t e d  i n d i c a t e s  t h e  v a r i a t i o n s  f o r  d i f f e r e n t  elements and not  e f f i c i ency  

d i f fe rences  due t o  T e f f e c t s .  The rea l i zed  e f f i c iency  decreases 
112 

rap id ly  a s  T becomes progressively small i n  comparison t o  t h e  deiay 112 

time. For c e r t a i n  c l a s s e s  of t a r g e t s ,  p a r t i c u l a r l y  those from which t h e  

r e a c t i o n  products escape by d i f fus ion ,  t h e  delay time spectrum contains 

both long and s h o r t  delay terms. The presence of a  shor t  delay term can 

make it p.ossible t o  observe an isotope with a T value of t h e  order of 
11 2 

1% of t h e  mean delay time f o r  t h e  element. 



I n  a d d i t i o n  t o  t h e  t a r g e t  dependence, de lay  times depend on t h e  

i o n i z a t i o n  process  and t r a n s p o r t  t imes ( i f  t h e  t a r g e t  and ion  source  a r e  

separa ted  by a  connect ing t r a n s p o r t  l i n e ) .  I n  Tables  1 and 2 t h e  dominant 

de lay  t ime f e a t u r e  is ind ica t ed  when t h i s  f e a t u r e  is  considered t o  be  

t r a n s p o r t  o r  r e c o i l .  D i f fus ion  o r  s u r f a c e  deso rp t ion  t imes a r e  gene ra l ly  

t h e  l i m i t i n g  f e a t u r e .  I n  t h e  absence of a l a b e l ,  such processes  may be 
11 

1; 

assumed t o  be t h e  dominant f e a t u r e .   or cases  w i th  a  broad range of 

a v a i l a b l e  elements ,  a  de lay  t ime range is  g iven  which spans t h e  v a r i o u s  

de lay  .times of t h e  d i f f e r e n t  elements.  I n  many cases  t h e  de l ay  t imes 

g iven  i n  Tables  1 and 2 a r e  es t imated  o r  i n f e r r e d ,  as d i r e c t  measurements 

have only r a r e l y  been made. 

Both de lay  times and element i o n i z a t i o n  e f f i c i e n c i e s  can be tempera- 

t u r e  dependent. Delay t imes f o r  d i f f u s i o n  t a r g e t s  can o f t e n  be reduced . ,. 

s u b s t a n t i a l l y  by inc reas ing  t h e  t a r g e t  temperature.  The element s e l e c t i v -  

i t y  i n  t h e  i o n i z a t i o n  process  i s  a l s o  temperature dependent,  e s p e c i a l l y  

f o r  i o n  sou rces  employing s u r f a c e  i o n i z a t i o n .  Typica l  ope ra t ing  tempera- 

t u r e s  of t a r g e t s  and ion  sources  a r e  i n d i c a t e d  i n  Tables  1 and 2. For 

ca ses  where t h e  t a r g e t  is contained w i t h i n  t h e  ion  source ,  t h e  same 

c h a r a c t e r i s t i c  temperature is l i s t e d  f o r  both.  

B. Discuss ion  of ISOL Systems i 

The i d e a l  ISOL system would provide  r a p i d ,  h igh  e f f i c i e n c y  product ion '  

of any d e s i r e d  i s o t o p e  wi th  both  element p u r i t y  and mass p u r i t y .  Needless 

t o  s ay  no such i d e a l  system exists. However, t h e  i d e a l  f e a t u r e s  can  be  

approached f o r  a few s p e c i a l  c l a s s e s  of elements.  Elements t h a t  can  be  

e a s i l y  chemical ly separa ted  (such a s  t h e  r a r e  gases)  o r  elements t h a t  

can be  e a s i l y  ion ized  i n  a very  s e l e c t i v e  manner (such as t h e  a l k a l i  



metals)  come c l o s e  t o  s a t i s f y i n g  t h e  idea l .  For most elements, however, 

some of t h e  p r o p e r t i e s  of t h e  i d e a l  system must be modified o r  abandoned. 

I n  working systems element p u r i t y  has f requent ly  been relaxed o r  abandoned 

e n t i r e l y  i n  order  t o  ob ta in  s h o r t e r  delay times o r  make a v a i l a b l e  elements 

t h a t  are d i f f i c u l t  t o  ionize .  One method of c lass i fy ing  t h e  var ious  

opera t ing systems i s  i n  terms of t h e  degree of element s e l e c t i v i t y  

obtained.  

As ~ t a t e d  ahnve, q u i t e  pure element s e l e c t i v i t y  can be obtained 

with r a r e  gases o r  a l k a l i m e t a l s .  Some of t h e  f a c i l i t i e s  (TRISTAN, 

ISOLDE, ARIEL, SOLIS) have i n  t h e  pas t  used systems i n  which only r a r e  

gas r e a c t i o n  products (with t r a c e s  of o ther  gaseous products) have sur- 

vived a t r a n s f e r  f rom. ta rge t  t o  ion  source. The process of su r face  

i o n i z a t i o n  from hot  metal  surfaces  has b6en used a t  many f a c i l i t i e s  

(ISOLDE, SOLIS, BEMS, SOLAR, OSTIS and t h e  ISOL f a c i l i t i e s  a t  Mainz and 

Darmstadt) t o  s e l e c t i v e l y  ion ize  a l k a l i  metals  with high ion iza t ion  

efficiency (by ocloct ion o t  the t .mperatuf4 and choice nf lnnix lng 

sur face ) .  Although a few other  systems have been used i n  s p e c i a l  cases 

t o  provide element s e l e c t i o n ,  t h e  two groups of elements above can be 

obtained wi th  higher o v e r a l l  e f f i c i e n c i e s  (10-~-10-l) and s h o r t e r  delay 

1 
times (10-~-lll  sec )  than t h e  ochers, hence provide rhr besL exaurplra u1 

systems with c lean  mass and element separa t ion.  

Molten t a r g e t s  (metals,  a l l o y s ,  o r  e u t e c t i c  mixtures) have been 

used f requent ly  a t  ISOLDE and exclus ively  a t  ISOCELE. Many elements 

have been success fu l ly  ext rac ted  using e i t h e r  osc i l l a t ing-e lec t ron  o r  

surface- ionizat ion ion  sources. Overa l l  e f f i c i e n c i e s  a r e  reasonable 

( t y p i c a l l y  1 0 - ~ - 1 0 - ~ ) ,  allowing adequate production r a t e s .  These systems 

have been espec ia l ly  use fu l  i n  studying neutron-deficient rare-ear th  



elements. For the most part, clean element separation is not possible, 
. . 

but the neighboring element contamination can oft,en be controlled by 

careful selection of target material, temperature and ion source operating 

conditions. Due in part to the rather large target sizes, but mostly 

due to the temperature 1imit.imposed by target evaporation, the release 

1 3  times (10 -10 sec) are rather slow, limiting the distance from the line1 

of stability for which such targets can be used. 

Diffusion of reaction recoils from solids has been extensively used 

at many facilities. High temperature ceramic oxides in powdered or 

sintered form were used at ISOLDE, with diffusion of reaction .products 

into a hollow-cathode ion source. The delay times and overall efficiencies 

of this system are very similar to those of the molten targets. Faster 

release times have been obtained with reaction products diffusing from 

a porous graphite matrix, which has fast diffusion times for many elements 

at temperatures around 1600' C. 

Uranium distributed in a porous graphite base located within the 

ion source has been used successfully at OSIRIS and PINGIS (and, more 

.rer.entl.y, TRISTAN and ZSOLQE) to produce a wide range of fission products 

2 with delay times in the range 10-l-10 sec and with reasonable efficiencies. 

(At ISOLDE the target has been used'so far only with a surface ionization 
i! 

source in a test for Cs or Fr isotopes.) The fast diffusion from graphite 

is the major.advantage of this type of target. The different diffusion 

and ionization properties of different elements can restore some elemental 

sensitivity (as the ISOLDE use to cleanly extract alkali metals). 

Metal foil targets and hot recoil catchers of various types have a 

been used extensively at occclcrotor-boscd facilities (PINGIS, UNISOR, 



BEMS and the  f a c i l i t i e s  a t  Tokyo and Darmstadt). I n  general ,  t h e  

r e a c t i o n  r e c o i l s  from a t h i n  t a r g e t  pass through a t h i n  window and imbed 

i n  a ca tcher  m a t e r i a l  located  e i t h e r  wi th in  o r  very c lose  t o  t h e  ion 

source. Recoil  ca tchers  of hot  porous g raph i t e  o r  metals i n  o s c i l l a t i n g -  

e l e c t r o n  ion sources a s  w e l l  a s  t h e  Ta o r  R e  surfaces  of surface  ioniza- 

t i o n  sources have been used. The choice of t a r g e t  and acce le ra to r  beam 

can l i m i t  t h e  v a r i e t y  of elements produced. The delay t i m e s  depend p r i -  

mari ly on d i f f u s i o n  times from t h e  r e c o i l  ca tcher ,  thus depend s t rongly  

on its temperature. A s  i n  t h e  molten and s o l i d  t a r g e t s  mentioned above, 

c o n t r o l  of d i f f u s i o n  temperature and ion-source operat ing condit ions can 

provide a degree of element s e l e c t i o n  o r  enhancement. Except f o r  t h e  

s p e c i a l  case  of s e l e c t i v e  ion iza t ion  of a l k a l i  metals ,  however, high 

element p u r i t y  cannot be obtained. 

Recent progress i n  s o l i d  and l i q u i d  t a r g e t s  and t h e i r  connections 

wi th  ion  sources has  been wel l  reviewed by Ravn. 4 9  I n  addi t ion  t o  some 

of t h e  systems out l ined above, the  very hot  powder t a r g e t  of SSOLDE and 

t h ~  very hnt rheniiim si1rfar.e-innixatinn sn1irr.e nf REMS a.nd TSOT,TIE a r e  

discussed by Ravn. The increased element a v a i l a b i l i t y  and reduced delay 

times obtained i n  t h e  systems discussed (which a r e  included i n  Tables 1 

and 2) have t o  a l a r g e  ex ten t  been accomplished.by fncreased' temperature.  

Higher temperatures make d i f fus ion  t i m e s  s h o r t e r  and ion iza t ion  poss ib le  

f o r  elements t h a t  are d i f f i c u l t  t o  ionize.  A consequence of t h e  higher 

temperatures is  t h e  reduct ion i n  element s e l e c t i v i t y ,  s i n c e  t h e  e a s i l y  

obta inable  elements a r e  s t i l l  ext rac ted  together  with t h e  d i f f i c u l t  

elements.   ow ever, t h e  achievement of s h o r t e r  delay times and the  

a v a i l a b i l i t y  of previously unavailable elements a r e  s i g n i f i c a n t  accomplish- 



ments. In particular, the lack of element purity for a difficult element 

is a small price to pay for the gain of a non-zero efficiency. 

The helium jet transport technique has been used at UNISOR and is used 

'exclusively at SIRIUS and the Jyvaskyla ISOL facility. The ionized 

reaction recoils are stopped in helium where they attach to clusters 
t 

I 

(natural or added mixtures of traces of relatively large molecules) and 1 
are transported from the target chamber into an ion source. The clusfer 

attachement process has no significant chemical selectivity and the 

reaction products in this gaseous form are delivered directly into the 

ion source. The operating condition of the ion source provides the only 

means for element selectivity, which can be minimized by use of plasma- 

type ion sources. Since the processes of stopping, transporting, and 

ionizing reaction recoils are essentially chemically nonselective and 

the delay time is simply a matter of gas flow rate, the overall efficien- 

cies seem to differ by less than an order of magnitude for all reaction 

products of comparable yield and halt-life. For elemenls dlLIicult to 

obtain in other ISOL systems without also producing neighboring elements 

at much higher efficiencies, this aspect of helium-jet lSUL systems is 

an advantage since contamination from neighboring isobars is thus much 

less than in other types of ISOL systems. I 
The remaining ISOL systems in this survey are the direct systems 

.JOSEF and LOHENGRIN. As mentioned in the last section in comparison 

between direct and indirect ISOL systems, for very short times or for 

primary yield studies, direct systems have.no competition. For half- 

lives above about 0.1 sec, direct and indirect systems can both be used 

for nuclear spectroscopic studies. Direct systems have a competitive 



disadvantage f0.r elements that have much higher efficiencies in indirect 
I 

systems. However, the very low efficiency of direct systems is not a 

disadvantage for the elements that also have low efficiencies in indirect 

systems. One significant distinction between systems that is not included 

in the tables lies in the focusing properties of the mass-separated ion 

beams. With the conventional mass separator of the indirect systems, 

high mass resolution and good spatial focusing are obtained -- both 
being highly desirable for many nuclear spcctroscoplc studles. The 

LOHENGRIN system provides a sufficiently high mass-resolving power of 

200-1000, but the focus of the mass-separated beam occurs on a mass 

parabola of about 70-cm length. The JOSEF system provides a beam focus 

about 10 cm in diameter and has a low mass-resolving power in the range 

20-80. 

The preceeding brief discussion and survey tables can only provide 

a partial overview of the characteristics of existing ISOL systems. The 

dramatic growth in ISOL systems and the expansion of elements available 

can best be seen by comparing with the survey  marl^ in 1970 by Talbert. 5 0 

The number of ISOL systems and the number of elements extracted have 

both more chan dabbled. Furthermore, the ISOL systems have contributed 

a Very substantial fraction of the % 300 new isotopes sinre 1970, partic- 

ularly those for which. some nuclear structure information has been 

obtained. 

C. Types of Studies Done at ISOLFacilities 
. - .  

No discussion, however brief, would be complqte without mention of 

the types of nuclear spectroscopic studies perfoqbed at ISOL facilities. 

The full range of nuclear detection equipment and techniques has been 



,employ,ed in on-line measurements of nearly all nuclear structure proper- 

ties. In the following, this range will be surveyed briefly without 

specific assignment of techniques to individual facilities, as this 

would be too involved to attempt here and the present purpose is served 

by indicating the extent of the ISOL studies. Reference 3 provides 

examples of the types of studies outlined below. 

Reaction cross section and yield measurements of primary and second- 

ary reaction products have been made primarily for spallation and fission, . 

and more recently for heavy-ion reactions. Mass and charge dependences 

of yields, absolute or relative, have been determined for secondary 

products at .indirect ISOL facilities and for both primary and secondary 

products at direct ISOL facilities. 

Half-life measurements have been made using a variety of techniques, 

such as multiscaling of a, B and delayed particles (a,p,n) with solid 

state, scintillation or gas proportional detectors, as well as y-multi- 

spectrum measurements in singles or B-gated coincidence studies. In a 

few cases nuclear emulsions have been used to determine half-lives. 

Mass measurements have been extensively and.systematically made at 

several facilities, mainly by Q determinations from either B-singles or B 
y-gated B spectra using a variety of detectors: plastic scintillators, 

Si(Li) detectors, magnetic spectrometers, and intrinsic Ge detectors. 

In addition, a system for direct mass measurements has recently been 

used on-line at ISOLDE. 

Delayed particle (a,p,n) emission probabilities have been deter- 

mined by direct particle counting and by indirect spectroscopic techniques. 

Energy s l ~ e r t r a  nf rlel.ayed partfcles have been obtained with AE-E t.ele- 



scopes, surface barrier and emulsion detectors for protons or alphas, 

3 
and with He proportional detectors for neutrons. Some delayed-proton 

spectra in coincidence with y-rays have been obtained. In some cases 

delayed particle and y branching ratios have also been determined. 

For detailed decay scheme studies of decay chains, all of the 

standard nuclear spectroscopic measurements have been made on-line. 

- + 
Besides energy and intensity measurementfi of m.,B,y, e and e transitions, 

all types of double-coincidence spectra (including thrw-param~ter 

spectra with time as one parameter) have been used in determining level 

structures. For caseo.or systems where element identlIication is 

nontrivial, x-ray coincidence spectra have been useful. Internal conver- 

sion coefficient determination, y-y angular correlation and delayed 

coincidcncc measurements have been done on-llne to yield cransition 

multipolarities, spins and parities of excited states. Absolute decay 

rates have been established by ground-state B-branching determinations 

or other techniques. In these decay studies all manner of detectors 

have been used on-line: scintillation, solid state, proportional, etc., 

and magnetic spectrometers or lenses have been successfully adopted for 

used in the study of short-lived xtivitieo. 

Some of the most recent types of studies to be made on-line are 

atomic spectroscopic studies such as hyperfine structure and isotope 

shift to determine nuclear quantities such as spin, electric and magnetic 

multipole moments, and nuclear radii. Techniques used include optical 

pumping, tunable dye laser spectroscopy, atomic-beam magnetic resonance, 

'curved crystal spectroscopy and nuclear orientation. Many of these 

techniques have been used on-line only in the last few years. As a 



c l a s s ,  they  c o n s t i t u t e  t h e  most r ecen t  a d d i t i o n  t o  on-l ine spec t roscop ic  
. . 

c a p a b i l i t i e s .  

Table 4 p r e s e n t s  a summary of p o s s i b l e  s t u d i e s  a t  ISOL f a c i l i t i e s .  

T h e . s t u d i e s  mentioned above which have a l r e a d y  been done a r e  included,  

as w e l l  as i s o t o p e  product ion and s o l i d - s t a t e  s t u d i e s  which a r e  only  

beginning t o  be done a t  ISOL f a c i l i t i e s .  Table 4 c l e a r l y  shows t h a t  n o t  

on ly  i s  a wide range of nuc lea r  spec t roscop ic  s t u d i e s  p o s s i b l e  a t  ISOL 

f a c i l i t i e s ,  bu t  a l s o  a n  apprec i ab le  number of atomic spec t roscop ic  and 

s o l i d - s t a t e  s t u d i e s  are f e a s i b l e .  

I n  concluding t h e  preceeding overview of ISOL systems, t h e  f u t u r e  

of  such f a c i l i t i e s  must be addressed.  I n  t h e  preceeding o u t l i n e ,  n o t  

on ly  was t h e  scope of t h e  f a c i l i t i e s  and measurement c a p a b i l i t i e s  

presented  bu t  t h e  r a t h e r  dramat ic  r a t e  of p rog res s  was a l s o  mentioned. 

P r o j e c t i n n s  i n t o  t h e , f u t u r e  could be based upon t h e  expected con t inua t ion  

of such progress .  However, even without  assuming cont inued expansion of 

t h e  f i e l d  t o  i nc lude  more and more elements  and i s o t o p e s ,  i t  is c l e a r  

t h a t  t h e r e  remain many i n t e r e s t i n g  s t u d i e s  t o  be made on t h e  n u c l e i  

p r e s e n t l y  a v a i l a b l e  a t  t h e  e x i s t i n g  ISOL f a c i l i t i e s .  Even s t u d i e s  of 

g r o s s  nuc lea r  p r o p e r t i e s  such a s  h a l f - l i v e s ,  Qg va lues ,  and delayed 
u 

p a r t i c l e  emission p r o b a b i l i t i e s  a r e  f a r  from complete f o r  t h e  p r e s e n t l y  

a v a i l a b l e  n u c l e i  f a r  from s t a b i l i t y .  Furthermore, a s  concerns srudies 

of d e t a i l e d  nuc lea r  p r o p e r t i e s  t o  deduce t h e  n u c l e a r  s t r u c r u r e s ,  t h e  

v a s t  ma jo r i t y  of t h e  p r e s e n t l y  a v a i l a b l e  n u c l e i  have no t  y e t  been s tud ied .  

Many of t h e  r epo r t ed  s t u d i e s  c o n s t i t u t e  only  p a r t i a l  r a t h e r  than comprehensive 

, .s tudies .  Tllutr eveu wlL11rul: the expected i n c r t a a e  i n  t k c  nca r  f u t u r e  of 

t h e  i s o t o p e s  a v a i l a b l e ,  t h e r e  remain many yea r s  of i n t e r e s t i n g  work t o  

be  done a t  ISOL f a c i l i t i e s  i n  t h e  s tudy  of n u c l e i  f a r  from s t a b i l i t y .  
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TABLE 4: Summary of Possible Studies at ISOL Facilities 

Nuclear Masses 

Direct mass measurements 
Q-values of a decay* 
Q-values of B decay 

~ela~ed-particle Emission 

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

Nuclear Spectroscopy 

Half-3.ive.s nf P-agedying isomers ' 

y singles and B-gated y spectra 
e' singles and p-gated e- spertra 
y-y and e--y coincidences 
y-y angular correlations 
a spectra* 
a-y coincidences* 
B spectra 
Absolute decay rates (B and y) 
Half-lives of nuclear excited states 
Magnetic moments of nuclear excited states 
Search for new nuclides 

Atomic Spectroscopy   ye-~aser or rf studies) 
Nuclear spins 
Nuclear magnetic multipole moments 
Nuclear electric multipole moments 
Hyperfine anomalies 
1s.otope sh i f  f a  
Isomer shifts 

React ion Y ieldg 

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

Isotope Production 

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. 



IV. TRISTAN I1 AT THE HFBR AT BROOKHAVEN 

235u 
A. Thermal-Neutron Fission of 

Contours of independent fission cross sections in barns are presented 

in Fig. 2 for thermal neutron fission of 235~. The contours were calcu- 

lated under the assumption of pure Gaussian charge dispersion with the 

same Gaussian width of a = 0.56 (FWHM = 1.32) for all mass chains. 
51,52 1 

I 

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

from the report of Wahl -- et a1.51 Mass yield values for thermal neutron 

fission were taken from the compilation of Nethaway and Barton. 52 The 

odd-even fluctuations in fission yields53 were not included in the cnl- - 

culation of the contours of Fig., 2. For the low-yield fission products 

in the valley and on the wings, Fig. 2 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. 2 are quite adequate. 

The background for Fig. 2 consists of a section of the chart of the 

nuclides. As in Fig. 1, the solid squares indicate stable or naturally- 

occuring radionuclides and the squares contained within the dashed 

outline are presently known nuclides. The solid outline contains I 

nuclei for which some nuclear structure information exists. Only nuclei 

with at least a few energy lcveis known are included within the solid 

outline; for a substantial fraction of these nuclei the level structure 

information is far from comprehensive. For example, even such a basic 

quantity as the B-decay Q-value has not been measured for nearly 40% of 

these nuclei. For the nuclei lying between the solid and dashed outlines, 



Fig .  2 : Contours o f  i "dependent f i s s i o n  cross-sections i n barns 'or 23 5 u(nth, f i ssion). 



t h e  present  s t a t e  of our knowledge i s  extremely poor, with only t h e  

h a l f - l i f e  and perhaps some y r ays  known. Figure 2 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 tudied .  

The ha l f - l ives  of nucl ides  i n  t h e  f i s s i o n  product region a r e  shown 

i n  Fig. 3,  which a l s o  shows t h e  neutron d r i p  lin'e. The h a l f - l i f e  contours 

were ca lcu la ted  from a gross  theory of B decay by Takahashi et a l .  
5  4 I 

-- 

Agreement wi th  experimental va lues  is  genera l ly  wi th in  an order  of 

magnitude f o r  n u c l e i  wi th  h a l f - l i v e s  of 10 sec  o r  longer.  For ha l f -  

l i v e s  l e s s  than 10 sec,  the  p red ic t ions  appear t o  be more r e l i a b l e  and 

of t en  a r e  smaller  than t h e  measured ha l f - l ives .  55 Figure 3 shoys t h a t  

. t h e  nucl ides  ly ing  wi th in  t h e  dashed o u t l i n e  a r e  expected to have ha l f -  

l i v e s  of about 1 sec  o r  longer. Many undiscovered n u c l e i  ( ly ing  ou t s ide  

t h e  dashed l i n e )  a r e  predic ted  t o  have ha l f - l ives  of the  order  of 1 sec;  

a s  Fig. 2 shows, many of these  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 tudied  wi th  an ISOL system with t h e  c a p a b i l i t i e s  of 

Before proceeding i n  the  fol lowing t o  descr ibe  t h e  TRISTAN f a c i l i t y  

and make, specific preclfcelans of iilass-separated f ission-product  a c t i v i t i e s  

a v a i l a b l e  with TRISTAN a t  t h e  HFBR, a genera l  es t imate  of a c t i v i t i e s  

produced can be made. With a 2 g t a r g e t  of 2 3 5 ~  i n  the  H-2 e x t e r n a l  

10 2 beam thermal f l u x  of 4 x 10  /cm Is, the  t o t a l  a c t i v i t y  i n  t h e  t a r g e t  

would be 1.1 x lbl' f i s s i o n s / s e c  o r  3 Curies. For an i so tope  on t h e  

minimum cross-sect ion contour of 1 mbarn shown i n  Fig. 2 ,  t he  production 

5 
r a t e  i n  t h e  t a r g e t  would be 2 x 10 / sec .  Even a t  t h i s  minimum r a t e ,  

3 mass-separated a c t i v i t i e s  of about 10  / sec  would be a v a i l a b l e  f o r  i so topes  

wi th  an o v e r a l l  e f f i c i e n c y  of about 1% -- more than 'adequate  f o r  t h e  

discovery of new isotopeo. 



Fig. 3 : IContours of  ha1 f - 1  i fe  predict ions and neutron d r i  p-1 ine  predi ct ions f o r  neutron-rich nuclei  
'in the f ission-product region o f  &e chart  o f  the nuclides. 



B. The TRISTAN F a c i l i t y  

Schematic diagrams of t h e  TRISTAN I1 f a c i l i t y  i n  i t s  p re sen t  config-  

u r a t i o n  a t  t h e  ALRR i n  Ames a r e  shown i n  Fig.  4 and 5. This  con f igu ra t ion  

is  t h e  t h i r d  i n  t h e  h i s t o r y  of TRISTAN. The two e a r l i e r  v e r s i o n s  of 

TRISTAN I have been descr ibed  i n  d e t a i l  by McConnell and Ta lbe r t .  
18  

!I 

Since  most of t h e  ope ra t ing  p r o p e r t i e s  of t h e  s e p a r a t o r  were unchanged i n  

t h e  conversion from TRISTAN I t o  TRISTAN I1 and a r e  w e l l  descr ibed  i n  

Ref. 18 ,  they  w i l 1 , n o t  be descr ibed  here .  P e r t i n e n t  a s p e c t s  of t h e  

p re sen t  ion-source t a r g e t  con f igu ra t ion  a r e  given by T a l b e r t  e t  a l . ,  
5  6 

a l though a  complete r e p o r t  has  no t  y e t  been prepared.  T a b l e 1  l is ts  some 

of t h e  c h a r a c t e r i s t i c  p r o p e r t i e s  of t h e  t h r e e  TRISTAN conf igu ra t ions .  

The c loseup  view of Fig. 6 shows t h e  in-beam ion  source  of o s c i l l a -  

t i n g  e l e c t r o n  (Nielsen)  type  wi th  a  c y l i n d r i c a l  anode made of g r a p h i t e  

impregnated o n  i ts  i n n e r  s u r f a c e  w i t h  2g of 2 3 5 ~  i n  t h e  form UO (At 2 ' 

t h e  ope ra t ing  temperature of  about 1 5 0 0 - 1 7 0 0 ~ ~ ,  some of t h e  U02 may be 

converted i n t o  UC. 23924)  The t a r g e t  a c t i v i t y  of 0.2 Cur ies  i s  produced 

9 2 by t h e  ALRR thermal  neutron f l u x  of 2.5 x 10 /cm /sec .  F i s s i o n  products  

d i f f u s e  from t h e  r e l a t i v e l y  open-structured g r a p h i t e  ma t r ix  i n t o  t h e  ion  

sou rce  plasma, where they become ionized ,  then  a r e  e x t r a c t e d  from t h e  ion  

source  and a c c e l e r a t e d  through 50 kV. The 50 kV i ons  a r e  focused through 

a 100' e l e c t r o s t a t i c  s e c t o r ,  followed by t h e  90' mass-separator magnet. 

A t  t h e  f o c a l  p l ane  of t h e  s e p a r a t o r  magnet t h e  i o n s  of s e l e c t e d  mass pas s  

through a - s l i t  and a r e  then  d i r e c t e d  by a  swi tch ing  magnet t o  one of t h e  

d e t e c t i o n  s t a t i o n s .  Moving t a p e  c o l l e c t o r s  a t  each d e t e c t i o n  s t a t i o n  

provide. i . snhar ic  enhancement of the  a c t i v i t y  of i n t e r e s t .  





Fig- 5:  Cloqe-up-and vert ical  dews o f  TRISTAN f l a t  the ALRR. 
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Figure 7 shows a new in-beam ion source presently under construction 

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

Electron Bombardment Lnduced Arc Discharge) ion source. of Kirchner and - - - 

Roeckl . 47957 The FEBIAD ion source offers many advantages over the 
conventional oscillating-electron or Nielsen ion source, particularly 

- .  ' for ISOL use. Among the advantages are low-pressure operation, very I C' 

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 intensity. 58 The ion 

source of Fig. 7 has the same graphite liner impregnated with U02 as 

the presently used ion source of Fig. 6. Since this modification should 

not affect the high-efficiency characteristics of the FEBIAD concept, it 

is hoped that higher activities will result when the new in-beam ion 

source replaces the present one at TRISTAN I1 at the HFBR. 

A schematic diagram of the TRISTAN facility relocated at the HFBR at 

BNL is shown in Fig. 8. This layout differs significantli from the ALRR 

layout, as no electrostatic.deflection is required.before mass separation 

in the HFBR layout. The magnetic spectrometer shown in Fig. 4 is replaced 

in Fig. 8 by a planned atomic spectroscopic system using a tunable dye laser. 

Figure 8 indicates the addition of a second mass line to the facility, which 
1 

could essentially double the potential use of the facility by allowing 

simultaneous measurements on two masses. (A second mass line, although 

alqo possible at ALRR, was not needed for the scale of the research program 

at Ames.) Thus the HEBR layout has three distinct differences compared to the 
1 

ALRR layout: simpler ion optics, a second mass line, and a higher neutron flux 

(by a f a c t b f  of 16). The third difference is by far the most advantageous. 
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Fig .  8: Schematic diagram o f  TRISTAN I I a t  the  HFBR i n   rookh haven? - 



C. Expected A c t i v i t i e s  

The o v e r a l l  e f f i c iency  of an isotope ( the  f r a c t i on  of the  isotope 

produced i n  t he  t a r g e t  t h a t  is  del ivered a f t e r  mass separat ion t o  a 

de tec t ion  s t a t i o n )  must be known t o  ca l cu l a t e  the  amount of a c t i v i t y  

ava i l ab l e  f o r  study a t  any mass. For a s imi lar  in-beam ion source con- 

t a i n ing  a t a r g e t  of U02 i n  graphi te ,  such e f f i c i enc i e s  are known. The 

OSIRIS f a c i l i t y  i n  Studsvik was t h e  f i r s t  t o  develop ( i n  1970) such a 

system, 22 which was subsequently improved23 and has been used extensively 

ever since.  A s im i l a r  system was a l so  used a t  PINGIS i n  Stockholm f o r  

t he  2 3 8 ~  (a, f i s s i o n )  reac t ion  with 43-MeV a-par t ic les ;36 see  Tablc 2 f o r  

c h a r a c t e r i s t i c s .  I n  both cases,  a  t a rge t  of U02 impregnated graphi te  was 

located within an osc i l l a t ing-e lec t ron  ion source and overa l l  e f f i c i enc i e s  
4 

i n  the range 1 0 - ~ - 1 0 - ~  were measured. 

The ove ra l l  e f f i c i e n c i e s ' f o r  18 elements were determined with good 

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

es tabl ished decay ~chernes . '~  The same 18 elements h,ave been separated a t  

TRISTAN 11; Fig.  9 shows these  18e lements  and gives a comparison with 

TRISTAN I. Such a systematic determination of ove ra l l  e f f i c i enc i e s  has 

not  been made a t  PINGIS nor with t he  new TRISTAN 11 configuration.  

However, a  mass scan a t  TRISTAN I1 of B a c t i v i t y  was found t o  agree wel l  

with a s imi la r  mass scan done a t  OSIRIS. The OSIRIS and TRISTAN I1 mass 

scans a r e  shown i n  Fig. 1 0  together with the  mass-yield curve f o r  2 35 

f i s s i o n .  Both mass scans were obtained with a 4w 6 dectector .  Fnr t h e  

OSIRIS scan t h e  mass-separated a c t i v i t y  was col lec ted f o r  10 sec  then 

immediately counted f o r  1 0  ~ e c ; ' ~  t he  corresponding times were 30 s ec  and 

30 s ec  f o r  t h e  TRISTAN I1 scan, wi th  a 1 sec  delay before beginning t he  
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counting. The OSIRIS scan was done with 3 g 0f.U and a neutron flux of 4 

10 2 x 10 /cm ~ s e c ; ~ ~  the TRISTAN I1 scan was done with about 8 g of U and a 

9 2 
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 indicates that the two 

facilities have quite comparable overall efficienceis for fission products 1 
i 

Thus it is quite reasonable to use the OSIRIS overall efficiency results 

shown in Table 5 to predict the activities to be expected for the very 

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

Figures 11 and 12 present, in different formats, the results of a 

prediction of expected activities for fission-product nuclei in two mass 

regions. These two regions were chosen because they lie near single or 

double shell closure and because good element 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 I1 at BNL 

due'to past and current comprehensive studies ot these produccs ar many 

ISOL facilities. The left-hand scales in Fig. 11 involve an effective 

yield which takes into account overall element efficiencies. The effec- 

tive yield Ye(Z,A) represents the yield to be expected at a detector 

station after mass separation. For each nuclide the following expression i 
was used to calculate Ye(Z,A) : 

where Y (Z,A) represents cumulative yield and E(Z)  is overall efficiency. 
C 

The Y (Z,A) values were taken from the recent compilation by voigtS9 and 
C 

the OSIRIS results23 were used for E(Z). I 
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TABLE 5 :  Overall efficiencies for various elements obtained 

with old and new target arrangements at OSIRIS. 

Half-life Overall efficiency in % 
Element Mass number b 

measured in sec Old systema New system 

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

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

see Ref. 23 of Ref. 16, page 239 for details. 



Fig.  1 1  : Ef fect ive  f i s s i o n  y i e l  As ca lcu la ted  w i  t h  the O S  IRIS o v e r a l l  e f f i c i e n c i e s  ( lef t -hand scales)  
and satura t ion  a c t i v i t i e s  expe-ted w i  th  TRlSTAN I I  a t  the HFBR (right-hand sca les) .  
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Fig .  12: dontohis o f  s a t u r a t i o n  a c t i v i t i e s  i n  dis integrat ions/sec 
e,xpected. w i t h  TR l STAN I I  a t  the HFBR, c a l c u l a t e d  w i  t h  the 
OSlRlS o v e r a l l  e f f i c i e n c i e s .  



The f i r s t  term i n  t h e  preceeding express ion  g i v e s  t h e  y i e l d  due t o  

t h e  mass-separated p recu r so r  i n  t h e  decay chain.  The second term g i v e s  

t h e  e x t r a c t a b l e  f r a c t i o n  of t h e  cumulative y i e l d  i n  t h e  t a r g e t .  The 

t h i r d  term i s  a c o r r e c t i o n  needed because some of t h e  cumulative y i e l d  of 

t h e  p recu r so r  does not  decay w i t h i n  t h e  t a r g e t ,  having been l o s t  a s  

e i t h e r  e x t r a c t e d  precursor  o r  pumped ou t  of t h e  ion  source  a s  n e u t r a l  

atoms. The f a c t o r  of 1 0  i n  t h e  t h i r d  term i s  used t o  e s t i m a t e  t h i s  l o s s  

and is based on t h e  obse rva t ion  t h a t  on ly  about  1 ion  i n  10  is  e x t r a c t e d  

f o r  rare-gas f i s s i o n  products  in t roduced  d i r e c t l y  i n t o  t h e  i o n  source .  

S ince  t h e  t h i r d  term i s  of second o rde r  i n  e f f i c i e n c i e s  and i s  expected 

t o  be much l e s s  than  u n i t y ,  t h e  e s t i m a t e  given above f o r  t h i s  term i s  

adequate  f o r  t h e  p re sen t  d i scuss ion .  I n  t h e  right-hand s c a l e s  of Fig.  11 

(and f o r  Fig.  1 2 ) ,  t h e  e f f e c t i v e  y i e l d s  a r e  converted i n t o  a c t i v i t i e s  by 

10  2 
s e l e c t i n g  a  2 3 5 ~  mass of 2g and t h e  4 x 10 /cm / s e c  thermal  neut ron  f l u x  

of t h e  H-2 e x t e r n a l  beam l i n e  a t  t h e  HFBR. 

A few comments a r e  i n  o r d e r  concerning t h e  independent and cumulat ive 

e f f e c t s  on t h e  shapes of t h e  curves  i n  Fig.  11. The curves  f o r  Zn and Ag 

a r e  Gaussian s i n c e  t h e  e f f i c i e n c i e s  of t h e i r  r e s p e c t i v e  p recu r so r s  were 

assumed t o  be  zero.  The curves  f o r  t h e  o t h e r  e lements  r e f l e c t  t h e  m a s s -  

s epa ra t ed  cumulat ive e f f e c t .  The curves  f o r  B r  and I n  show c l e a r l y  

s epa ra t ed  r eg ions  of cumulative and independent domination. The seemingly 

Large s h i f t  i n  t h e  peak nf the Rr rilrvp. i s  d u e  t o  t h e  r a t h e r  sharp 

i n c r e a s e  of e f f i c i e n c y  f o r  B r  compared t o  i t s  immediate p recu r so r s .  

H a l f - l i f e  e f f e c t s  on t h e  a c t i v i t i e s  expected were not  taken i n t o  

account i n  the preceding c a l c u l a t i o n  because t h e  de lay  t ime d i s t r i b u t i o n s  

between product ion  and i o n i z a t i o n  a r e  not  known. The OSIRIS e f f i c i e n c i e s ,  



which were measured i n  such a manner t h a t  only 10,nger-lived a c t i v i t i e s  

could be  used, should be valid..when t h e  h a l f - l i f e  i s  a s  long o r  longer 

than t h e  average delay  time. For ha l f - l ives  short compared t o  the  delay 

t i m e ,  however, t h e  p red ic t ions  shown i n  Fig. 11 would be too l a r g e  due t o  

neg lec t  of decay i n  t h e  t a r g e t .  Delay t i m e  d i s t r i b u t i o n s  have both 

prompt and slow components, and l i t t l e  is  known about t h e  shape of t h e  

d i s t r i b u t i o n s  f o r  such a t a r g e t  system. For elements with eff iciencJ.es 

3 of 1 0 - ~ - 1 0 - ~  t h e  delay  rimes may be i n  t h e  range lo1-10 see;  f o r  elements 

wi th  e f f i c i e n c i e s  of 1 0 - ~ - 1 0 - ~ ,  t h e  delay time range i s  probably 1-10 sec .  
60 

Both t a r g e t  th ickness  and t a r g e t  temperature a f f e c t  the  delay t l m e  d f s t r i -  

but ion of each element. Diffusion times decrease rap id ly  with increas ing 

temperature, hence s ' l , ightly higher operat ing temperatures (1700-1900°c) 

could cauoc a oign'ificclnt. inarease  i n  t h e  e f f i c h n c y  f o r  a very short- 

l i v e d  isotope.  For example, it  has been observed a t  OSTIS~'  t h a t  t h e  

y i e l d  of 0.1-sec 9 8 ~ b > i n c r e a s e s  by more than an order  of magnitude when 
V 

t h e  temperature i s  increased from 1700°C t o  1900°C. Operating temperatures 

above t h e  1500°c of t h e  OSIRIS t a r g e t  could wel l  compensate f o r  poss ib le  

overest imations of expected a c t i v i t i e s  of very sho'rt-lived isotopes  given 

i n  Fig.  11 and 12 due t o  h a l f - l i f e  e f f e c t s .  Furthermore, t h e  higher 

i o n i z a t i o n  e f f i c i e n c i e s  an t i c ipa ted  with t h e  modified-FEBIAD ion source 

could a l s o  compensate i n  p a r t  f o r  t h e  neglect  of h a l f - l i f e  e f f e c t s  i n  t h e  

p red ic ted  a c t i v i t i e s .  

D. Poss ib le  Studies  

I n  s p i t e  of t h e  u n c e r t a i n t i e s  i n  t h e  preceding ca lcu la t ion  of a c t i v i t i e s  

due t o  poss ib le  h a l f - l i f e  e f f e c t s  f o r  t h e  s h o r t e r  l i f e t i m e  nuc le i ,  t h e  

numbers i n  Fig. 11 and 1 2  provide a use fu l  est imation of t h e  a c t i v i t i e s  



available with TRISTAN I1 at the HFBR. As was previously mentioned in 

Sec. II.D., detasled decay scheme studies, including coincidence measure- 

4 ments, are possible with activities of lo3-10 Isec; singles studies of 

2 
intense y rays require minimum rates of Q10 /sec; half-life measurements 

or identification of new isotopes can be made with lower activities 

provided background rates are low enough. Many nuclei (60-80) lying 

outside the solid outlines of Fig. 12 might be expected to have activities 

3 4 above about 10 -10 /sec, which would be adequate for detailed decay 

scheme studies. Also, for many of the nuclei 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 

2 3 identifiable with activities of about 10 -10 /sec. 

The preceding estimates of the numbers of nuclei lying outside 

the solid or dashed outlines of Fig. 12 could be regarded as upper limits 

since losses due to half-li£e effects were not included in the estimated 

activities. The estimate of about 20-25 (for isotopes lying outside 

the dashed outlines) should be most affected by half-life effects since 

these nuclei are expected to have short half-lives of the order of 

seconds. 54 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 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 outlines have not been sufficiently studied. In 

particular, atomic spectroscopic studies have been made for very few of 

the available fission products. This is also true even for the rare 



gases, alkali metals and daughters (which were not included in Figs. 11 

and 12 since.nuclear spectroscopic studies ark quite advanced at present 

for these fission products). Thus, of the nuclei expected to be avail- 

able with TRISTAN I1 at the HFBR, a grand total of more than ,100 (perhaps 

closer 'to 200) would be candidates for one or more of the types of 

studies listed in Table 4. 

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

time consuming to mention aii 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 for study 

with TKTSTAN I1 is competition from other ISOL facilities engaged in 

the study of neutron-rich activities. In the following, this consider- 

ation for selecting the nuclide regions of Fig. 12 is discussed. 

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

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

IALE (see Table 1). The alkali metals Rb and Cs and their daughter 

activities 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 investi- 

gations of these nuclei at TRISTAN I1 could not constitute the major 

thrust of the research program. 

The direct ISOL facilities JOSEF and LOHENGRIN must also be con- 

sidered as possible competitors. In addition to the direct fiseion- 

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. 12. 



1 

At JOSEF, 'the major concentration in nuclear spectroscopy has been in the 

nuclear shape-transition region around mass 100, involving primarily Sr, 

Y and Zr nuclei.26 At LOHENGRIN, nuclear spectroscopic studies have 

concentrated in two regions -- near mass 150 (Cs, Ba, La, Ce, ~ r )  and 

near mass 100 (Rb, Sr, Y, Zr, ~ b )  , 31 with the later studies often done 

in coordination with JOSEF. I 
The SIRIUS facility at Strasbourg could also be considered as a I 

possible future competitor. Although SIRIUS is presently an operating 

facility,. the thrust has mainly been in improving the interconnection of 

the helium jet and ion source. Identification of the isotopes available 

and .deterinination of overall efficiencies have been initiated only 

recently. The goal' of the project is to establish 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. 12. 

The OSIRIS facility at Studsvik separates the same fission-product 

elements as TRISTAN 11, as the mass scans in Fig. 10 show. An excellent 

review of the OSIRIS facility and the experimental program was recently 

given by R ~ d s t a m . ~ ~  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 consti- 

tuted 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 (JOSEF, LOHENCRIN and USTRIG) 



published. Several spectroscopic studies of.the heavy fission products 

have been made in the region near Z=50, extending up to doubly magic . . 

132~n. (See Ref. 24 for the list of reports on nuclear spectroscopic 

studies at OSIRIS.) In addition to continuing the present projecfs, 

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 elements now available at OSIRIS (and TRISTAN 11), 

to quote Rudstam in Ref. 24, "The field is still far from being fully 

explored, and we forsee a long period of fruitfu1.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. 12 are the 

regions in which TRISTAN 11 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 regions o f  Fig. 12 

have been shown to have. minimal competition, the question of whether 

these nuclei are worth studying should be addressed. 

For the light fission-product region.of Fig. 12, the nuclear 

structures of the nuclei near the Nu50 shell could be systematically 

explored. Although the nucleus 78~i, which is expected to be doubly 

magic, is beyond reach, nucleiwith a few particles or holes relative 

to a 78~i core could be studied. For the N=50 isotones, proton particle 

states could be explored in nuclei with three or more protons beyond 

the 2.28 shell, i.e. %a, 82~e, 83~s, etc. Neutron hole states in the 

N=50 shell.and neutron particle states beyond N=50 could be studied in 



odd-Amuclei of Ge and Se. The behavior of collective states in even- 

even 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 the level spacings in the same manner as closed shells 

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

product region of Fig:12 would allow our knowledge of the structure 

of nuclei around the N=50 and Z=28 shells, which was obtained near 

, stability, to be extended towards 78~i. This could thus shed light on 

the unanswered question of whether these magic numbers remain magic 

as 78~i is approached. 

For'the heavy fission-product region of Fig. 12, both the Z=50 

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

studied. The nuclei near 132~n are especially interesting. As Fig. 12 

indicates, activities should be' sufficient to study level structures 

of the single neutron-hole nlxl ells 131~n and the sinel c prnton niirl r~is 

13jSb through the decays of 1311n and 133~n, respectively. It might also 

be p~ssihle tn st~idy 1 ~ ~ ~ 1 s  .In both 132~n and 133~n through the decays 

133 of 132~n a n d  In, respectively, if the activities realized are not 

too far below the upper-limit estimations of Fig. 12. The proton-hole 

nucleus l3'1n, however, seems to be beyond reach through the decay of 

l3'cd. In terms of "valence" nucleons or nucleon holes relative to 

132~n, possible studies could involve the following nuclei: valence-0 

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

nuclei, 6 or 7 of the 12 valence-3 nuclei, 8 or 9 of the 16 valence-4 

132 
nuclei, etc. Thus at least half of the low-valence nuciei near Sn 



could be systematically studied with TRISTAN I1 at the HFBR. Of the 

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

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

stability. As 132~n is approached, the information becomes more scarce, 

with most of the existing information coming from studies at OSIRIS. 

Comprehensive studies have not been made for the large majority of 

these nuclei. TRISTAN I1 and OSIRIS both have the opportunity to make 

substantial contributions 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. 12, collective properties of even-even nuclei 

could also be explored with TRISTAN 11. Even-even isotopes of Cd, Sn, 

Te and Xe, whose expected activities can be obtained from ~ig. 12, 

could be studied. Also, even-even Ba and Ce isotopes would be available. 

A large number of these nuclei have not yet been studied in sufficient 

detail to provide the information needed to test the collective models. 

Ln 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 Z=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. 12, the emphasis was directed 

towards nuclear structure studies. In addition to the nuclear spectro- 

scopic 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. 12, as a glance 



a t  the 'poss ib le  s tudies  i n  Table 4 shows. Although the other types of 

s tudies  could a l s o  be discussed i n  some d e t a i l ,  the preceding l imited 

discussion i s . s u f f i c i e n t  t o  indicate the large number of interest ing 

.. studies  of the nucle i  far  from s t a b i l f t y  that would be poss ible  with 

TRISTAN I 1  a t  the HFBR. 
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