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ABSTRACT

The ISOL facility TRISTAN II is described and its expected capabili-
ties on-line to the High Flux Beam Reactor (HFBR) at RBrookhaven 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. Background information consist-
ing of an ovorvicw of the atudy of nuclel (ar [rom stabllicy and a
survey of existing ISOL facilities is presented in order to aid in
evaluating the present status of the study of nuclel far from stability

in general and the TRISTAN II facility in particular.



I. INTRODUCTION

Thg study of nuclei far fréﬁ B stability is ‘a field of. research that
has experienced considerable growth in recent years. To a lafge extent
the growth has been a consequence of developments and improvements of
.techniques associated with electromagnetic isotope separation (EMIS).

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

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 presenf report is to describe>the ISOL facility

TRISTAN II and its expected capabilities on-line to the High Flux Beam
Reactor (HFBR) at Brookhaven National Laboratory. In order to provide
sbme of the gene;ai background information needed to evaluate the research
program posaiﬁle with TRISTAN iI at the HFBR, a discusgion of nucleil

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

Section II:consists of an overview of the stu&y of nucléi far from
étability, containing a brief discussion of interesting features and
recent progress in‘the field. 'The discussion includes comments on the
status of our knoﬁledge, theoretical motivations for the study of nuclei
- far from stability and a summary of the various experimental techniques
used in such studies. Although the presentation is an overvieworather
than a comprehensive review, thé‘important areas of the fileld and most
significant recent references to the field are included. Thus Section II
can be regarded as ; brief introduction to the field and a mini-report

on its present status.

T



Section III presents a survey of existing ISOL facilities, including

a tabulation of their characteristics and a discussion of the various
target-ion source combinations. The emphasis in the discussion is on
the range of elements and isotopes currently‘availéble for study. Mass
‘and‘element purities, overall separation efficiencies, and half-life
limitations are discussed in terms of target—ion source combinations.

A general summary of the types of studies done at ISOL f;iclities is
also included. Rather than presenting a detailed review of individual
ISOL facilities, Section III indicates the present capabilities of
operational ISOL facilities in both producing and studying short-lived
nuclei far from stability. |

Section IV describes the TRISTAN II_facility, both in its present

ALRR (Ames Laboratory Research Reactor) location and as envisioned at
the HFBR location. Fissinn yields for 235U, hél[wlives for isotopes
in the fission-product range and overall efficiencies for the in-beam
integrated target and ion source used with TRISTAN II are discussed.
The preceeding inférmation is used to make an cotimatiou uf the activi-
ties of various isotopes expected with TRISTAN II at the HFBR. On-line
experimental apparatus,vboth presently available with TRISTAN II and
planngd for the near future, 1s also briefly described. Sectioﬁ v
thus provides the specific information (range of isotopes availahle
and possible experimental studies) needgd to evaiuate the research pro-

8ram possible with TRISTAN II at the HFBR.



II. NUCLEI FAR FROM BETA STABILITY

A. General Comments

Before the middle of the last decade, detailed studies of the decay
properties of unstable nucleil were limited to nuclel rather near to the
region of B stability with half-lives greater than about lO3 seconds.
The ability to produce many'nucléi farther from stability has existed
for more than tﬁo‘decades.‘ Nuclei on the neutron—ricﬁ side of stability

can be produced by asymmetric fission of 235U by thermal neutrons, by

symmetric fission of 238U by high-energy protons or alpha particles, by
spallation, orfby heévy ion reactions. Nuclei on the neutron-deficient
sidé of stability can bg pfoduced by high-energy proton spallation reactions
or by heav&—ion induced reactions. In the last ten years much progress has
been made in developing and improving ;echniques to»utilize such reactions
to make availabie for detalled and systematic studies an ever increasing
‘ varieﬁy of nuclei far from B stability. |

The general importance of studies of nuclei far from B 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 referencgs about this 5road field. The article
in 1966 by Ingmar Bergstrﬁm,4 entitled "Why Should We Investigate Nuclides
Fa; Off the Stability Line,f is a cogent presentation of arguments for
~extending research efforts further from the stability line. These four
basic references (and the refe:eﬁcés contained therein) include much
moré 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.
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Chart of the nuclides, showing the limits of our present knowledge, partlcle drip=line
predictions, magic nucleon numbers, and regions of deformation.



B. Status of Our Knowledge

Before proceeding to outline the coqcepts of nuclear theory involved
in thg 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—occufing radionuclides. The squares representing presenfly i
knéwn nuclides (as of mid 1976) are containéd wighin the solid outline.
The predicted particle stability limits, or proton and neutron dfip
lines, are indicated by X's. The locations of these drip-line nuclei
weré obtained by rather severe extrapolations of the mass formula of
Seeger and Howard5 or, for the low-mass region, the systematics of
Garvey_gg_gl.6 Although experimentally unconfirmed, these drip lines
éerve to outline the region of interest of the chart of nuclides for
nuclear sgructure studies.

Betweenbthé 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 naturally occuring radionuclides 283 < 67
Known neutron-deficient radionuclides ~vo 970 ~ 19%
'>Unknown neutron-deficient radionuclides ~v 570 N 13%’
Knoyn neutron-excess radionuclides N 650 ~ o 117%

4

Unknown neutron-excess radionuclides 2600 A '~ 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 fafthest from

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

we have mereiy scratched the surface with our present knowledge and have
much yeﬁ to explore.

As an indication of the progress made in this exploration since the
beginning of this decade, we can compare.thelabove numerology with that
" made by Dropesky and Talbert7 in 1970. The known neutron-deficient and
neutron-exceses nuclei have ingreased in number by ~ 185 and ~ 140
respectively, thereby increasing the number of "known" nuclei tfrom
~ 1600 to v 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

The two baoic frameworlo of our prcoent undcrotanding of nuclear
structure were built upon the shéll 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 1;nes. The regions between closed shells
where nuclear dcfgrmation and ﬁhc resulting collective effects are known
or predicted to occur are also indicated in Fig. 1. To quote from the
recent review talk by Ray Sheline,8 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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As concerns shell closure effects, it is of special interest to
determine whether the magic numbers valid énear stability remain valid

far from stability. The doubly'magib nucledi 4He, 16O, 40Ca, 48Ca and

208Pb were instrumental in establishing our present understahding of
nuclear shell structure. However, other doubly magic nuclei lie farther
from stability than do the above nuclei. The predicted doubly magic i

i
nuclei 56Ni, 78Ni, 1008n and 1328n are of extreme interest (as would be

280, if it is particle stable). Since 1970, the properties of 56Ni have
been extensively studied and the study of the region around l328n has

32Sn

recently begun in earnest. ‘The studies indicate that the 56Ni and 1
regions can be interpreted in terms of double shell closure. The
systematic studies of these regions have been both interesting and
rewarding. Decay studies in these regions are providing essential
informatioﬁ aboﬁt the single—pafticle éxcitations and nucleon couplings
which are ﬁecessary to determine the details -of the shell closure effects.
The success in réaching the 1328n region in the last few years also
increases our expectations that the other. exotic regions around 78Ni

and 100Sn may be obtainable in the not too distant future.

Nuclear deformation occurs for nuclei with nucleon numbers inter-
mediate bétween closed shell numbers. Studies of collective effects in
the deformed regions of the rare earths and actinides near stability
have resulted in the formulation of a variety of interpretations b;sed
on collective behavior of nucleons. Other deformed regions which 1lie
further from stability have been predicted to exist. On the neutron-
deficient side of stability the deformed regions that are indicated in

Fig. 1 as roughly centered near 802r and 128Gd have begun to 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.
On the neutron-excess side of stability the deformed regions centered

104 168 A
roughly near Zr and Dy are beginning to be explored. A very large

180

number. of potentially deformed neutron-rich lanthanides around Gd
have not yet begun to be studied. 1In the region approaching 104Zr,
systematic studies have been made in the last few years and the results
t6 date have indicated very inﬁeresting features in this region. The
study of these deformed regions off the stability line will undoubtedly
extend our understanding of the modes of collective 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 close to closed shells to be deformed, comprise the most numerous
class of nuclei. Because of theilr structural complexity, they are the
most poorly understood. Their interpretation requires a unification of
the shell-model and collective approaches. ‘“he 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. Sucﬁ 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



transitiqnal nuclei in the second transition-metal fegion are also
beginning to Be systematically explored vfa decay studies. The structures
emerging from this very rewarding research include many features, such
aé decoupied bands, highly distorted rotational and vibrational bands,
and vibrational-rotational coexistence. Some of these features seem to
be quite different from the behavior of nuclei nearer stability. The
theoretical concepts of shape coexistence and triaxial nuclei are only
two of the ideasvcurrently being applied to these nuclei. Continued

" systematic studies of transitional nuclei away from stability may pro-
vide the experimental information needed tp test the various theoretical
approaches to such.nuclei and contribute to the formulation of an
adequate unified modél.

One of the uniqqe features of nuclel far from stability is the
process of delayed particle emission, which becomes increasingly important
fur nuclei farther and farther from stability. Due to the high B-
decay energies of such nuclei, B-delayed particle emission (neutron
emission for neufron—rich nuélei and proton or alpha emission for neutron-
deficient nuclei) occurs following B-decay to excited states whose
excitation energy exceeds the.particle binding energy in the product
nucleus of the B~decay. Although the existence of delayed particle
emission had been known for many years, until the last few years the
only information cﬁnsisted of half-lives and emission probabilities.
Recent measurements of delayed-particle energy spectra, £ ctrength
functions, and competitioﬁ between particle emission and ¥y decéy have
stimulated increased theoretical attempts to explain the observed features.
At the Cargéee Confargnce3 several papers were presented on recent data

and statistical models, including extensions and refinements to such



10

models. The statistical approach can account reasonably well for delayed-
V proton spectra, but structure effects need to be included to account for
the prominent line strucfure4observed 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 ﬁhat much more information is needed to obtain an
adequate understanding of delayed particle emission.

For certain astrophysical theories, it is necessary teo obtain
increased knowledge of propertieo of nuelei very [ar from stability,
particularly on the neutron-rich side. Models of the nucleosynthesis of
the heavy elements, including supefheavy elements, require as input data
such properties as f-decay energies, neutron separation énergies, B-
decay rates and neutron capture rates. Improved khowledge of the mass
surface is cruclal since severe extrapolations (well beyond the nuclei
used in establishing present mass formulas) are made in the calculations.
In addition to the static r-process models of nucleosynthesis, recent
efforts have involved dynamical r-process modéis and dynamic models of a
more general n-process in which neutron-capture and B-decay rates may be
comparable.3 These dynamic models require ahsolute rates for B-decay
and neutron eapture:. In addlitlon, delayed-neutron and delayed-fission
branching rates éffect the calculations. The latter in particular may
be crucial in determining whether the r-process could produée 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.
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D. Techniques for Studying Nuclei Far from Stability

Several different techniques have been used in the sfudy of highly
unstable nuclei. The nuélear reacgions used to produce the isotopes of
interest span a large range of primary pro&ﬁction rates. Reaction pro-
ductioq rates as high as loll/sec can be obtained with high-energy
spallation reéctions or thermal neutron fission. For heavy;ion reactions
the highest production rates are of the oraer of 106/sec due to beam
inténsity'limits on the thin targets used and low cross sections.
Production rates for other types of accelerators generally fall in the
intermediate region. Production rates for the more ekotic nuclei can be
well below these approximate upper limits since the lower limits of
useful radioactivity rates depend not only on the primary rate factors
(such as‘target, type of projectile, projectile enérgy, etc.) but also
on the particular technique used to study the reaction products of
interest.

Secondary rates can be aefined as the'radioactivity rates of the
isotépes of intefest at the detection stations of the system. The
minimum secondary’rates available depend quite strongly on the production
technique used. The minimum secondary rates needed, however,ldepend on
the type of study to be made and, except for considerations of back-
ground or other interfering radiation rates, are essentially iﬁdependent
of the technique used.

For detailed decay scheme studies, minimum rates of 103—104/5ec
are peeded. For singles studiés of major y-transitions or for yileld
determination, the minimum is N_102/sec. ‘If background levels are low

enough, it is possible to measure half-lives with rates of 1-10/sec,
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identify new isotopes far from stability with rates of 1-10/min, and

¢
search for especially exotic nuclei, such as superheavies, with rates as
low as ~ 1/hr.

A technique in which primary and secondary rates are nearly iden-
tical is in—beaﬁ spectroscopy for reactions that are extremely selective
in production of the pfoduct nucleus of interest. Heavy-ion reactions
with strong energy-dependent cross sections are Best suited for in-beam
studies. The limiting factors are background and interferences from
other reaction products. The latter can often be circumvented by repeat-
ing the experiment at different projectile energies in order to correct
for the interfering contributions. In-beam studiés are particularly
suited to studies of very short-lived high-spin states of neutron-
deficient nucleli. Since the only product selectivity is the energy
dependence of the cross sections, the lack of mass and element selectivity
among the reaction products provides a severe limitation of in-beam
spectroscopy for general or detailed decay scheme studies.
their chemical properties are some of the oldest techniques used. Off-
line methods involving separate steps of production, chemical separation
(and possibly subsequent mass separation) are basically limited to
products with half-lives greater than a few minutes due to the inherent
slowness of convéntional chemical separation techniques. Recent develop-
ments in rapid radiochemical techniques, spanning continuous and discon-
tinuous methods for separation in both liquid‘and gas phases, have been

reviewed by Trautmann and Herrmann.9 The recent advances have made

possible studies of activities with half-lives as low as ~ 1 sec.



13

One of the'major advantages of such technidues is the high elemental
sélectivity and sensitivity, whicﬁ may be sufficient when interferences
from other rédioéctive 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 obﬁained hithih a few &ears.

The gas-jet recoil transport technique has had widespread use to H
transporf reaction recoil products to detéctor locations. Transport
timeé, whicﬁ are determined by the gas flow rate, are typically-w 1 sec.

As the process is eséentially chemically unselective with no mass selec-
tion, the main advantage for nuclear spectroscopic studies is the reduc-
ﬁion of background by transport to a well-shielded detector location.
Decay studies in coincidénce 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 5 time—of—flight.system to detect the nuclear
recoils following decay events would add mass selectivity to a gas-jet
transport s&stem; The coupling of gas-jet systems to standard mass
separator systems will be discuésed in the following section.

Reaétion 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 light nuclei. With rapid time-of-flight detectors
in conjunction with AE detectors, A and Z identification can be extended
to gligh:ly higher A and 2 vaiues. 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



14

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 techniqué in the study of
nuclel far ffom stability. Earlier rev:l.ewslo_12 on mass separation as
applied to such studies provide an introduction and referenceg 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
systems can be divided into two clas;es: direct and indirect. Indirect
systems are discussed in the following section. With direct systems the
reaction products recoil directly into a mass separation system ;hat
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 magne;ic separators. The prihciples have been reviewed and
compared with indirect methods hy Armbruster.l7

Kinomatic or vcleeity-filter systews (such as SHIP ar Darmstadt)
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 positidn 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
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systems would be required for such separa;ions.

Gas-filled magnetic separators (such as JOSEF at Jilich) have a
defleétion of recoil products which depends on the average charge of the
recolling ion as’ it traverses the gas—-filled magnet field; the deflection.
depends only weakly on the ion velocity. Moderate mass and charge're-
solving powers (" 10f102) can be obtéined which are adequate for isotope
identification. Combined électric and magnetic field deflections (as
with LOHENGRIN at Grénoble) of reaction recoils can provide relatively
high resolving power (m103) for the ionic charge to mass ratio, from
which unique mass assignment can be made. With an additional Z-sensitive
stage, such as an energy-loss time-of-flight system, adequate Z resolu;
tion can be obtéingd; Bbth the JOSEF ;nd LOHENGRIN facilities are

discussed again in the following section.
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ITI. SURVEY OF ISOL SYSTEMS

[ 2
~A. General Features

The term ISOL (Isotope Separator On-Line) has commonly been reserved
" for systems in which a laboratory scale mass separator is operated on-
line in an indirect but continuous mode.l} The basic steps involved are
the stopping of reaction produéts, an elemeﬁt selection and ionization
process, followed by electrostatic acceleration and mass selection by
. magnetic deflection. The element selection process and ionization may .
be done either separately or simultaneously. References 2, 10-13
contain eérlier reviews on ISOL systems and refs. 14-16 trace more
recent advances. In the present brief sur;ey of ISOL systems, recognition
is made of the fact that most of the ISOL systems often do n§t provide
complete isotope separation but instead give some degree of isotope
selection. Only for certain classes of eléments is it possible to
achieve complete isotope separation. Although it would thus be more
appropriate to use the general label of mass separator on-line instead
of isotope separator on-line, the term ISOL will be retained here due to
its common acceptance. The term ISOL will be used in the broader sense,
as the direct recoil systems JOSEF and LOHENGRIN, which inherently have
no element selection, are included.

Tables 1 and 2 present characteristics of existing ISOL facilities
at reactors and acceleratérs, respectively. Table 3 lists the most

recent or especially useful references for each facility; further refer-

ences from conference proceedings are given in parentheses. The condensa-

tion necessary for such tabulation is quite severe and leads to the

listing of characteristics in a rather general form. For reactor-based



TABLE 1: <CHARACTERISTICS OF EXISTING ISOL FACILITIES AT REACTORS
Neutron flux Delay time Type of Approximate
Name, location Target anc at_target, from production fon source Elements extraccted, wich overall
(initial ope-ation) target conditions (cm_z sec ) to fonization (temperature) decay products excluded efficiency
TRISTAN, Ames 235y as uos | 2 x 1913 th. 12 sec trans. oscil. elect.  Kr, Xe 10-2-107!
(Nov. 1956) (0.2g at 609°C) (1700°C)
235y as .stearcate 3 x WY ch. 1.2 sec trans. " Br,Kr,I,Xe 10-3-10-1
(2-6g at 20°C) . . .
2355 as yo, + UC ' 1-102 sec oscil. elect. 2n,Ga,Ce.As,Br,Kr,Rb,St, 10-4-10-2
(2g at 1500°C) {1500°C) Ag,Cd,In,Sn,Sb,Te,I,Xe,Cs,Ba
ARIEL, Grenoble 233'35~33U. 2321y 108 14-Mev 4-6 sec trans. oscil. elect. Kr,Xe 10-2-10-1
tJune 1568) {4g U0z or stearate) (1700°C) :
D5 as ue, 3 % 208 cn. " " " '
(10g at 20°C)
SOLIS, Screq 235; as stearate 2 x _09 th. 0.3 sec trans. oscil. elect. Kr,Xe 10-2-10-1
July 1968) (2-4g at 20°C) (1700°C)
235y as UO; - 0.1 sec surface ion. Rb,Cs;Br,1 10-3
(1g at 1800°C) (1800°C)
OSERIS, Studsvik 2350 ag 104 + UC 4 x 1ot eh. 1-102 sec oscil. elect.  Zn,Ga,Ge.As,Br,Kr.Rb,Sr, in=é-1072
(July 1963) (0.2g at 1500°C) (1500°C) Ag.Cd,In,Sn,Sb,Te,I,Xe.Cs,Ba
235 ag 0, + UC o " " " "
{2g ac 1509°C)
IALE, Buenos Aires EJSE as stearate 5 x 105 th. l.sec trans. oscil. elect. Br,Kr,I,Xe 10-3-10-1
(March 1369) (l4g at 20°C) (1700°¢)
JISEF. JAlich* 235 as v 1 x 1014 ¢ * wsec recoil none - recoil all fission products (chere 10-3-10"%
(Rav. ITHY (30mg at 3°0°C) in Torr gas is no chemical selecr‘vity’
. 235 - .
SIR:ES, Stffsb)urg “3%% as LO 5 x 1010 ¢y, 8 sec trans. holiow cuth. St,Sb,Te,1,Xe,.Cs,Ba,Ce,Pr + 107"
JJune 1973 (lbmg at 20°C) {2206°C) others (survey incomplete)
" " 2 sec trans. " " 10-3-10-%
5 4 (0, 5 x 101! ¢h 2 sec trems. " " "
(0.5g at 50°C)
SOLAR. Tzllman 235 a5 wo, 5 x 109 th. 0.1 sec surface ion. Rb,Cs;Br,I;Sr,Ba 1073-1073
{Jan. .97%) (lg at 1600°C) {Sr,Ba: 7 min. {1600°C)
s * 235, 14 . 6 -5
3 N, urfvoble U as U0, 5 %10 th. Lsec recoil non - recoil all fissior products (there 107°-10
iMarch 1973) {3mg at 500°C) in vacuum is no chemical selectivity)
. Grenoble 235t as %0 3 x 109 th. 0.1 sec surface ion. Rb,Cs 10'2
ooz, 1973) (2g at 1809°C) (1800°C)
UESOLT, Mainz 2335 as Joy 3 5 1010 en. 0.1 sec surface ion. Rb,Cs 1072
es. 1973)

(1g at 180)°C)

(1800°C)

¢ iz often classified as mass analyzer ~ather than ISOL.

Lt



TABLE 2:

CHARACTERISTICS OF EXISTING ISOL FACILITIES AT ACCELERATORS

Name, locaticn
(initial operation;

General classification
of target materials

Perticle current
and energy

Delay time
Irom production
to ionization

Type of
ion source
(temperature,

Elements extracted, with
decay procucts excluded

Approximate .

overall
efficiency

ISOLDE, Geneva
(Oct. 1967)

PINGIS, Stockholm
(June 1969)

UKISOR, Oak Ridge
(Sept. 1972)

"ISOL", Tokye
(Nov. 1972)

BEMS, Dubna
(Nov. 1973)

ZSOCELE, Orsay
(Mar. E974)

LISOL, Heverlee
(May 1975)
"I350L", Jyvidskyli
(Sept. 1975)

"'IS0L", Darmstadt
(Jan. 1376)

"LSOL", McGill
(Jan. 1976)

hydrous oxides of 2r,
Ce, Th (room temp.)

molten metals or alloys
(600 - 1400°C}

ThF,-LiF eutectic
(600 - T00°C)

Ce, Th ceranic oxides
(500 - 2100°C)

fine powders of Nh, Ta
(2000 - 2200°C)

238U()z in 3raphite
matrix (2000°C)

all targets above can
be usec with ISOLDE II

thin Pt folils
{1600°C)

238UC-; in graphite
matrix (1500°C)

thin metai foils
(200 - 1200°C)

thin metal foils with
He jet flow system

thin Cu foils
(60C - 1000°C)

thfn Cu Zoils
(1400 ~ 1800°C)

thin metal foils
(200 - 1000°C)

rolten metals or alloys
(700 - 1830°C)

Mo (as filament
of fon source)

thin netal foils
(He jet at 80°K)

thin metal foils
(He jet with NaCl)

thin metal foils
(500 - 1000°C)

238y and 2337y
(1500°C)

& x 1011 p/sec
(630 Mev)

1012 p/sec
(600 MeV)

&x 1012 p/sec
(500 MaVv)

Lx 19%3 a/sec
43 MeV)

0B /sec C,¥,0,Ne
(60-9G QA MeV)

5 x 1012 p/sez
(52 MeV)

1022-3¢13 HI/sec
-8 MeV/A)

1x lc-lz p/sec
(153 MeV)

- 3 x 1013 p/sec
(290 Mev)

1 x 1613/sec 165
(72 Mev;

1013‘se§_p,d,3ﬂe.u
(2® q¢/A Hev)

1011043 ur/sec
-8 MeV/a)

1012.secnp.d,33e.c
(LC) Q*/A Mev)

10 - 10? sec
10 - 103 sec
10 —'102 sec
10 - 102 sec
1 - 102 sec
107! - 1 sec
1071 - 10 sec
2071 - 102 gec

1071 - 102 gec

10 - 30 sec
(2as flow time)

102 - 103 sec

19 - 102 sec

1 - 103 sec

10 - 103 sec
"

20 - 102 sec

0.5 - 1 sec

(gas flow time)

1 - 10 sec

10-1 - 1 sec

1071 gec

oacil. elect
{1100°C)

oscil. elect.

or surface ior.

oscil. elect.
(1630°C)

hollow cath.
(2000°C)

surface ion.
(2800°C)

surface ion.
(2000°C)

any of the
types above

ogcil. elect.
(1600°C)

oscil. elect.
(16C0°C)

hellow cath.
(2000°C)

oscil. elect.
(1500°C)

hcllow cath.
(2200°¢C)

surface ion.
(2709°C)

oscil. elect.
(1800°2)

"

oscil. elect.
(1800°C)

oscil. elect.
(1300°C)

hollow cath.
12000°C)

direct dis.
£200C°C)

surface fon.
£2000°C)

surface ion.
(2000°C)

Kr,Xe,Rn
Zc,Kr,Rb,Cd,In,1,Xe,Cs,Ba,
Sw,Eu,Hg,T1,Pb,B1,Rn,Fr,Ra
I1,Xe,Te,Po,At,Rn
Sb,Te,I,Xe,28,Au,Hg,
TL,Pb,B1i,Po,At,Rn,Fr

Rby, ¥b

Rb,Cs,Fr

all 24 elements above are
2o038ible wich ISOLDE II
Hg

As Br,Kr,Rb.Sr,
4Ag.Cd,In,Sn,Sb,Te,1,Xe,Cs

Br Kr,I,Xe,Eg,T1,Pb,Bi

Ga Ag,Sb,Te Dy

Rb,Cs,Ba,La,?r,
Nd ,Pn, Sm, Eu, dy

Cd,In,Sb,Ho,2r,Tm,Yb,
Au,Hg,T1,B1,%0,AL,Fr

all 14 elemeats above are
possfble with ISOCELE II

Ia

‘Cu,tn,In,Sn,%b,Cs,Ba,Bi

Br,CLr,Pd,Ag,.0d,In,Sn,
Sb,Te,I,Xe,At,Rn

Rb,Cs, Fr

Ga,Eb,In,Cs,Ea

1072-1071

1074-10-1

10741072

10741072

10~3-10-2

10-3-10-2

10~4-10"2

1073-10-2

1074-10-3

10-6

1073

10-3-10-1

1073-10-2

10~4-10-3

10-3-10-2

10-3-10°1
1071

10-2-10-1

8l
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TABLE 3: Source References for Existing ISOL Facilities

TRISTAN Ref. 18 (Also Ref. 13-16)
ARIEL Ref; 19 (Aisp Ref. 13) |
SOLIS | Ref. 20, 21 (Also Ref. 13-15)
OSIRIS . . Ref. 22-24 (Also Ref. 3, 13, 14)
IALE o Ref. 25 (Also Ref. 13)
JOSEF Ref. 26, 27 (Also Ref. 3, 13, 14)
SIRIUS Ref. 28 ( Also Ref. 14)
SOLAR Ref. 29, 30
LOHENGRIN ~ Ref. 31 (Also Ref: 3, 13, 14)
OSTIS Ref. 32
"ISOL" Mainz Ref. 33
ISOLDE - Ref. 34, 35 (Also Ref. 3,'13f15)
PI&GIS Ref. 36 (Also Ref. 13, 14, 16)
UNISOR "Ref. 37, 38 (Also Ref. 14, 15)

| "ISOL" Tokyo | Ref. 39
BEMS ~ _Ref. 40, 41 (Also Ref. 3)
ISOCELE " Ref. 42, 43 (Also Ref. 14, 15)
LISOL _ Ref. 44 (Also Ref. 15)

"ISOL" Jyvédskyld Ref. 45 (Also Ref. 15)
fISQL" Darmstadt Ref. 46, 47 (Also Ref. 14, 15)

"ISOL" McGill Ref. 48
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facilities ﬁhe target and neutron flux ére much more specific than is
the-case for the analogous quantities at gccelerator~based facilities.
(With the latter the maximum particle currents listed can, for certain
" targets, greatly exceed the particle current that the target can bear.)
General labels are used for ion-source types since the variations within
each type class'cannot be adequately described in such a table. Only
ranges for delay times and ovefall efficiencies are presented for the
. elements that have been extracteé from a given target and ion sdurce
combination. (The overall effiéicncy for an isotopc is defined as the
mass-separated fraction of the isotope produced in the target; the delay
time is the.average time between‘production and‘mass separation.)

The overall efficiency for a particular isotope generally depends
..on both Z (chemical dependence) and T1/2 (delay—time dependence) for a
given combination of ion-source and target. For isotopes with half-
lives long compared to the delay time, the overall efficiency is indepen-

dent of Tl/ The efficiencies given in Tables 1 and 2 refer to longer-

2
lived isotopes of the elements extracted, and the efficiency range

listed indicates the variations for different elements and not efficiency
differences due to Tl/2 effects. The realized efficiency decreases
rapidly as T1/2 pecomes progressively small in comparison to the delay
time. For certain classes of targets, particularly those from which the
reaction products escape by diffusion, the delay time épectrum contains
both long and short delay terms. The presence of a short delay term can

make it possible to observe an isotope with a T value of the order of

1/2
17 of the mean delay time for the element.
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In addition to the target dependence, delay times depend on the
ioniéation process and'transport.times (if the target and ion source. are
separated by a connecting transport line). 1In Tables 1 and 2 the dominant
delay time feature is indicated when this feature is considered to be
transport or recoil. Diffusion or surface desorption times are generally
the limiting feature. In the absence of a label, such processes may be i
assumed to be the dominant feature. For cases with a broad range of
available.elements, a delay time rangé is given whiéh spans the various
delay4£imes of the different elemenfs. In many cases the delay times
given in Iables 1 and 2 are estimated or inferred, as direct measurements
have only rarely been made.

Both delay timesAand élémgnt ionization efficiencies can be tempera-
ture dependent. Delay times for diffusion targets can often be reduced
substantially by increasing the target temperature. The element selectiv-
ity in the ionization process is also tgmperature dependent, especially
for ion sources‘employing surface ionization. Typical operating tempera-
tures of targets and ion sources are indicated in Tables 1 and 2. For
cases Vhere the target is contained within the ion source, the same

characteristic temperature is listed for both.

B. Discussion of ISOL Systems ' : ;

The ideal ISOL system would provide rapid, high efficiency productioni
of any desired isotope with both element purity and mass purity. Needless
to say no such ideal system exists. However, the ideal features can be
approached for a few special classes of elements. Elements that can be
easily chemiqally separated (such as the rare gases) or elements that

can be easily ionized in a very selective manner (such as the alkali



22

metals) come close to satisfying the ideal. For most elements, however,
some of the properties of the ideal system must be modified or abandoned.
In working systems element purity has frequently been Felaxed or abandoned
entirely in order to obtain shorter delay times or make available elements
that are difficult to ionize. One method of classifying the various
operating systems is in terms of Ehé degree of element selectivity
obtained.

As stated ahove, quite pure element selectivity can be obtained
with rare gases or alkali metals. Some of the facilities (TRISTAN,
ISOLDE, ARIEL, SOLIS) have in the past used systems in which only rare
gaé reaction products (with traces of othér gaseous products) have sur-
vived a transfer from target to ion source. The process of surface
ionization from hot metal surfaces has béen used at many facilities
(ISOLDE, SOLIS, BEMS, SOLAR, OSTIS and the ISOL facilities at Mainz and
Darmstadt) to selectively ionize alkali metals with high iohization
efficicncy (by oclection ot the tamperature¢ and chaice nf innizing
surface). Although a few other systems have been used in special cases
to provide element selection, the two groups of elements above can be
obtained with higher overall efficiencies (10—2-10_1) and shorter delay
times (10"1-101 "sec) than the others, hence provide the besl exauwples ul
systems with clean mass and element separation.

Molten targets (metals, alloys, or eutectic mixtures) have been
used frequently at ISOLDE and exclusively at ISOCELE. Many elements

have been successfully extracted using either oscillating-electron or

surface-ionization ion sources. Overall efficiencies are reasonable

3

(typically 10 —10-2), allowing adequate production rates. These systems

have been especially useful in studying neutron-deficient rare-earth
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.2

elements. For the most part, éleén element separation is not possible,
but the neighboring element contamination can often be controlled by
careful selection of target material, temper%ture and ion source operating
conditions. Due in part to the rather large target sizes, but mostly

due to the temperature 1imit.imposed by ﬁarget evaporation, the release
times (101—103 sec) are rather slow, limiting the distance from the 11ne5
of sfabiiity for which such targets-can be used.

Diffusion of reactioﬁ recoils from solids has been extensively used
at many facilities. High temperatﬁre 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 poroﬁs'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 succeséfully at OSIRIS and PINGIS (and, more
.recently, TRISTAN and ISOLDE) to produce a wide range of fission products
with delay times in the range iO-l—lO2 sec and with reasonable efficiencies.
(At ISOLDE the target has been used so far only with a surface ionization
source in a test for Cs or Fr isotopes.) The fast diffusion from graphiég
is the major advantage of this type of target. The different diffusion
and ionization properties of different elements can restore some elemental
sensiti#ity (as the ISOLDE use to cleanly extract alkali metals).

Metal foil targets and hot recoil catchers of various types have

been used extensively at accclerator-based facilities (PINGIS, UNISOR,
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BEMS and the facilities at Tokyo and Darmstadt). In general, the
reaction recoils from a thin target pass through a thin window and imbed
in a catcher materia; located either within or very close to the ion
source. 'kecoil catchers of hot porous graphite or metals in oscillating-
electron ion sources as well as the Ta or Re surfaces of surface loniza-
tion sources have been uséd. The éhoice of target and accelerator beam
can limit the variety-of elements produced. The delay times depend pri-
marily on diffusion timgs from the recoil catcher, thus depend strongly
on its temperature. As in the molten and solid targets mentioned above,
control of diffusion temperature and ion-source operating conditions can
provide a degree of element selection or enhancement. Except for the
special case of selective ionization of alkali ﬁetals, however, high
élement purity cannot be obtained.

Recent progress in solid and liquid targets and their connections
with ion sources has been well reviewed by Ravn.49 In addition to some
of the systems outlined above, the very hot powder target of ISOLDE and
the very hat rhenfim surface-iomization snurce of REMS and TSOIDNE are
discuésed by Ravn. The increased element availability and reduced delay
times.obtained.in the systems discussed (which are included in Tables 1
and 2) havg to a large extent been accomplished by increased temperature.
Higher temperatures make diffusion times shorter and ionization possible
for elements that are difficult to ionize. A consequence of the higher
temperatures is the reduction in element selectivity, since the easily
obtainable elements are still extracted together with the difficult

elements. However, the achievement of shorter delay times and the

availability of previously unavailable elements are significant accomplish-
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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
reacfion recoils are stopped in helium where they attach to clusters
(natural or added mixtures of traces of relatively large molecules) and
are transported from the target chamber into an ion source. The cluster
attachement process has no significaﬁt chemical selectivity and the
réaction 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 ién sources. Since the processes of stopping, transporting, and
ionizing.reaction recoils are essentially chemically nonselective and

tﬁe 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 reacfion
products of comparable yield and halt-iife. For elements dLf{lcult to
obtain in other ISOL systemslwithout also producing néighboring elements
at much higher efficiencies, this aspect of helium-jet LSUL systems 1is
an advantage since contamination from neighboring isobars is thus much
less than in other types of ISOL systems. |

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 st#dies, direct systems have -no competition. Fér half-
lives above about 0.1 sec, direct and inéirect systems can both be used

for nuclear spectroscopic studies. Direct systems have a competitive
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disadvantage for elements that have much higher efficiencies in indirect
' A

systems. However, the very low efficiency of direct systems is not a
disadvantége 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-sepa;ated ion
beams. With the conventional ﬁass separator of the indirect systems,
high mass resolution and good spatial focusing are obtained -- both
heing highly desirable for many nuclear spectruscuple studles. The
LOHENGRIN system provides a sufficiently high mass-resolving power of
200-1000, but the focus of thelmass—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 h#s a low mass-resolving power in the range
20-80.

The preceéding brief discussion and sufvey 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 sur?ey made in 1970 by Talbert.so
The number of ISOL systems and the number of elements extracted have
buth mure than dotibled. Furthermore, the ISOL systems have contributed
a very substantial fraction of the ~ 300 new isotaopes since 1970, partic-

ularly those for which some nuclear structure information has been

obtained.

C. Types of Studies Done at ISOL Facilities

No discussion, however brief, would be complete without mention of
the types of nuclear spectroscopic studies performed at ISOL facilities.

The full range of nuclear detection equipment and techniques has been
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;employed in on-line measurements of nearly éll 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 étudies. Reference 3 provides
examples of the types of studies outlined below.

| Reaction cross section and yield meésurements of primary and second-
ary reaction products have been made primarily for sgpallation and fission,
and more recently for heavy-ion reactions. Mass and charge dependences
of yields, absolute or relative, have been determined for secondary
broducts at indirect ISOL facilities.and for both primary and secondary
products at direct ISOL facilities.
. Half-life ﬁeasurements have been made using a variety of techniques,
~such as multiscalingvof 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 studieé. 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 QB determinations from either B-singles or
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 (oa,p,n) emission probabilities have been deter-

mined by direct particle counting and by indirect spectroscopic techniques.

Fnergy spectra nf delayed particles have been obtained with AE-E tele-
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scopes, surface barrier and emulsion detectors for protons or alphas,
and with 3He proportional detectors for neutrons. Some delayed-proton
spectra in coincidence with y-rays have been obtained. In some cases
delayed particle and Yy branching ratios have also been determined.

For detalled decay scheme studies of decay chains, all of the
standard nuclear spectroscopic measurements have been made on-line.
Besides energy and intensity measurements of o,R,Y, e and e+ transitions,
all types of double-coincidence spectra (including three-parameter
spectra with time as one parameter) have been used in determining level
structures. For cases or systems where element identlf{ication is
nontrivial, x—ray'coincidence spectra have been useful. Internal conver-
sion coefficient determination, Y-y angular correlation and delayed
- coincidence measurements have been done eu=11ne to yield rransition
multipolarities, spins and parities of excited states. Absolute decay
rates have been established by ground-state B-branching determinations
or other techniques. In these necay studies all mannet 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 activities.

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
multipoie 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
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class, they constitute the most recent addition to on-line spectroscopic
capabilities.

Table &4 preéents a summafy of possible studies at ISOL facilities.
The. studies mentioned above which have already been done are included,
as well as isétope production and solid-state studies which are only ,
beginning to be done at ISOL facilities. Table 4 clearly shows that not
only is a wide range of nuclear spectroscopic studies possible at ISOL
facilities, but also an appreciable number of atomic spectroscopic and
solid-state studies are feasible.

In concluding the preceeding overview of ISOL systems, the future
of such}facilities must be addressed. In the preceeding outline, not
only was the scope of the facilities and measurement capabilities
presentéd but the rather dramatic rate of progress was also mentioned.
Projections into the future could be based upon the expected continuation
of such progress. However, even without assuming continued expansion of
the field to'include more and more elements and isotopes, it is clea£
that there remain many interesting studies to be made on the nuclei
presently available at the existing ISOL facilities. Even ;tudies of
grosslnuclear‘properties such as half-lives, QB values, and delayed
particle emission;probabilitieé are far from complete for the presently _I
available nuclei far from stability. Furthermore, as concerns studies
of detailed nuqlear properties to deduce the nuclear structures, the
vast majority of the presentl& available nuclei have not yet been studied.
Many of the reported studies constitute only partial rather than comprehensive
;studies. Thug even without the expected increase in the ncar futurc of
thé isotopes available, there remain many years of interesting work to

be done at ISOL facilities in the study of nuclei far from stability.
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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 8 decay

Délayéd-particle Emission

Neutron or prdton* emission probabilities
Energy spectra of neutrons or protons#*
Y-n or y-p* coincidences

Nuclear Spectroscopy

Half-livea of R-decaying isomers

v singles and B-gated y spectra

e~ singles and R-gated e~ spertra
Y-y and e”-y coincidences

v-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 (Dye-Laser or rf studies)

Nuclear spins

Nuclear magnetic multipole moments
Nuclear electric multipole moments
Hyperfine anomalies

Igsatope shifte

Isomer shifts

Reaction Yields

Mass distributions or yields

Nuclear charge distributions or yields

Tonic 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.
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IV. TRISTAN I1 AT THE HFBR AT BROOKHAVEN

A, Thermal~Neutron Fission of 235U

Contours of independent fission cross sections in barns are presented
‘in Fig. 2 for therﬁal neutron fission of 235U. The contours were calcu-
lated under the assumption of pure Gaussian charge dispersion with the
same Gaussian width of o = 0.56 (FWHM = 1.32) for all mass chains.Sl’52
The values of Zp'(the most probable charge for a mass chain) wereltaken
from the report of Wahllgg_gi.Sl Mass yield values for thermal neutron
fission were taken from the compilation of Nethaway and Barton.52 The
odd-even fluctuations in fission-yie1d353 were not included in the cal-
culation of the contours of Fig. 2. For the low-yield fission products
in the Qaliey and on'the wings, Fig. 2 slightly underestimates the
yields to be expected'for the fission-neutron spectrum of the external
beém of the HFBR. However, for the present purpose of estimating the
quantities of fission products produced with TRISTAN II 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
nuclei for which some nuclear structure information exists. Only nuclei
with at least a few energy levels known afe 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 betweenvthe solid and dashed outlines,
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tﬁe present state of ouf knowledge is extrémely poor, with only the
halfeiifé and perhaps some vy rays known. Figure 2 makes it very clear
that a large number of fission products are inadequately studied.

The half-lives of nuclides in the fission product region are shown
in Fig. 3, which also shows the neutron drip line. The half-life contours
were calculated from a gross theory of 8 decay by Takahashi gglgl.54 |
Agreement‘with experimental values is generally within an order of
magnitude for nuélei with half-lives of 10 sec or longer. For half-
lives less than 10 sec, the predictions appear to be more reliable and
often are smaller than the measured half—lives.55 Figure 3 shows that
the nuclides lying within the dashed outline are expected to have half-
iives of about 1 sec or longer. Many undiscovered nuclei (lying outside
the dashed line) are pfedigted to have half-lives of the order of 1 sec;
as Fig., 2 shows, many of these nuclei have sufficient fission yield to
enable them to be studied with an ISOL system with the capabilities of
TRISTAN II. |

Before proceeding iﬁ the following to describe the TRISTAN facility
and make specific predictions of mass-separated fission-product activities
avallable with TRISTAN at the HFBR, a general estimate of activities
produced can be made. With a 2 g target of 235U in the H-2 external
beam thermal flux of 4 x 1010/cm2/s, 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. 2, the production
rate iﬁ the target would be 2 x 105/sec. Even at this minimum rate,
mass—sepérated activities of about 103/sec would be available for isotopes

with an overall efficiency of about 1% -~ more than adequate for the

discovery of new isotopes.
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' B. The TRISTAN Facility

Schematic diagrams of the TRISTAN II facility in its present config-
uration at the ALRR in Ames are shown in Fig. 4 and 5. This configuration
is the third in the history of TRISTAN. The two earlier versions of

TRISTAN I have been described in detail by McConnell and Talbert.18

Since most of the operating properties of the separator were unchanged inv
the conversion from TRISTAN i to TRISTAN II and are well described in
Ref. 18, they will not be described here. Pertinent aspects of the
present ion-source target configuration are given by Talbert gg_gl.,56
although a compléte report has not yet been prepared. Table 1 lists some
of the characteristic properties of the three TRISTAN configurations.

The clbseup view of Fig. 6 shows tﬁe in-beam ion source of oscilla-
tiné electron (Nielsen) type with a cylindrical anode made of graphite
impregnated'on its inner surface with 2g of 235U in the form UOZ' (At
the operating temperature of about 1500-1700°C, some of the UO2 may be

23’24) The target activity of 0.2 Curies is produced

converted into UC.
by the ALRR thermal neutron flux of 2.5 x 109/cm2/sec. Fission products
diffuse from the relatively open-structured graphite matrix 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 difected 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.
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Figure 7 shows a new in-beam ion source presently under construction
ét the Ames Laboratory. The design is based on the FEBIAD (Forced
Electron Bombardment Induced Arc Discharge) ion source of Kirchner and

47,57 The FEBIAD ion source offers many advantages over the

Roeckl,
conventional oscillating-electron or Nielsen ion source, particularly
for ISOL use. Among the advantages are low-pressure opeE?tion, very
stable discharge conditiéns, ldng lifetime and high ionization efficiency.lﬂ’57
In addition, the end cap or outlet plate potential can be selected so as
to maximize either résblving power or output intensity.58 The ion
source of Fig. 7 has the same graphite liner impregnated with UO2 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 rgplaces the present one at TRISTAN II at the HFBR.

A schematic diagraﬁ of the TRISTAN facility relocated at the HFBR at
BNL is shown in Fig. 8. This layout differs significantlf from the ALRR
layout, as né eléétrostatic'deflection is requifed-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
could essentially double the potential use of the facility by allowing l
simultaneous measurements on two masses. (A second mass line, although
algo possible at ALRR, was not needed for the scale of the research program
at Ames.) Thus the HFBR layout has three distinct differences compared to the

. i

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

(by a factor of 16). The third difference is by far the most advantageous.
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C. Expected Activities

The overall efficiency of an isotope (the fraction of the isotope
produced in the target that 1s delivered after mass separation to a
detection station) mucc be kcown to calculate the amount of activit&
available for study at any m&ss. For a similar in-beam ion source con-
taining a target of UO2 in graphite, such efficiencies are known. The
OSIRIS facility in Studsvik was the first to develop (in 1970) such a
system,22 which was subsequentl}limpfoved23 and has been used extensively
ever since. A similar systemlwas also used ac PINGIS in Stockholm for
the 238U (a, fission) reaction with 43-MeV a—particles;36 see Table 2 for
characteristics. In both cases, a fafget of UO2 impregnated graphite was
iocated within an oscillating-electron ion source and overall efficienciles
in the range 10-4—1()-2 were measured. )

The overall efficiencies for 18 elements were determined with good

accuracy at OSIRIS using longer-lived isotopes (T > 3s5) with well-

1/2
established decay schemes.23 The same 18 elements have been separated at
TRISTAN II; Fig. 9 éhowg these 18 elements and gives a comparison with
TRISTAN I. Such a systematic determination of overall efficiencies has
not been made at PINGIS nor with the new TRISTAN II configuration.
However, a mass scan at TRISTAN II_of B activity was found to agree well
with a similar mass scan done at OSIRIS. The OSIRIS and TRISTAN II mass
scaﬁs are shown in Fig. 10 together with the mass~yield curve for 235U
fission. Both mass scans were obtained with a 47 B dectector. For the
OSIRIS scan the mass-separated activity was collected for 10 sec then

immediately counted for 10 sec;24 the corresponding times were 30 sec and

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

L
N
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counting. The OSIRIS scan was done with 3 g of. U and a neutron flux of 4
X 101,_0/cm2/sec;24 the TRISTAN-II scan waé done with about 8 g of U and a
flux of 3 x 109/cmzsec. 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 thé two
facilities have quite comparable overall efficiencels for fission products%
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 II 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. Thesé 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 éroducts are not antiéipated for TRISTAN II at BNL
due’ to ﬁast and current comprehensive studies ot these prodiucts at 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 separafion; For each nuclide the following expression i
was used to calculate Ye(Z.A)t | |

Y (Z,8) = Y _(Z-1,A) + e(2) [YC(Z,A) - 10e(z-1)Y_(z-1,A)] ,
where YC(Z,A) represents cumulative yield and €(Z) is overall efficiency.

59

The YC(Z,A) values were taken from the recent compilation by Voigt and

the OSIRIS results23 were used for £(2). '
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TABLE 5: Overall efficiencies for various elements obtéined

with old and new target arraﬂgements at OSIRIS.

Element Mass number Half-life Overall efficiency in %

measured in sec 0ld systema New systemb

Zn » 76 5.7 - 2.5
Ga 76 .30 - 2.7

Ge 79 _ 19 - 0.29
As 81 o 28 - 0.016
Br 87 56 0.02 0.040
Kr 91 9.1 - 0.025
Rb 91 58 0.3 0.25
Sr 94 72 - 0.0080
Ag 117 73 1.6 1.5

cd 119 . 200 C 2.4 2.6

In 124 3.2 3.0 2.7
Sn 127 247 0.34 0.30
Sb 133 148 0.45 0.40
Te A 135 19 0.06 0.060
I 137 24 0.04 0.090
Xe 139 ' 39 0.008 10.035
Cs 141 25 0.04 0.045
Ba - 143 12 0.0014 0.0020

01d system (0.3g) refers to the original UO2 loading technique.

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

2
see Ref. 23 of Ref. 16, page 239 for details.
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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 cumulative 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 neutral
atoms. The factor of 10 in the third term is used to estimate this loss
and.is based on the observation 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 mich less than unity, the estimate given above for this term is
adequate for thé present discussion. In the right-hand scales of Fig. 11
(and for Fig. 12), the effective yields are converted into activities by
selecting a 235U mass of 2g and the 4 x lOlO/cmz/sec thermal neutron flux
of the H-2 external beam line at the HFBR.

A few comments are in order concerning the independent and cumulative
effects on the shapes of the curves in Fig. 11. The curves for Zn and Ag
are Gaussian siﬁce 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 nf the Br curve is due to the rather sharp
increase of efficiency for Br compared to its immediate precursors.

Half-life effects on the activities expected were not taken into
account in thg preceQing calculation because the delay time distributions

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



which were measured in such a manner that énly longer-lived activities
could be used, should be valid when the half-life is as long or longer
than the average delay time. _For half-lives short compared to the delay
time, however, the predictionS‘éhown in Fig. 11 would be tpd large due to
neglect of decay in the target. Delay time distributions have both
prompt and slow compéﬁents, and little is known about the shape of the
distributions for such a target system. For elements with efficiencies

of 10_4—10-3 the delay times may be in the range 101;103 sec; for elements
with efficiencies of 10-2-10-3, the delay time range is probably 1-10 sec.60
Both target thickness and target temperature affect the delay time distri-
bution of each’element. Diffpsion times decrease rapidly with increasing
;emperéturel hence siightly higher operating temperatures (1700-1900°C)

: gould caﬁue a oignificant increase ip the efficiency for a wvery short=
lived isotope. ' For example, it has been observed at OSTIS61 that the
yield of 0.1l-sec 98Rblincreases by more thae an order of magnitude when
the temperature is increased from 1700°C to 1900°C. Operating temperatures
above the 1500°C of the OSIRIS target could well compensate for possible
overestimations of expected activities of very short—lived isotopes given
in Fig. 11 and 12 due to half-life effects. Furthermore, the higher
ioqization efficiencies anticipated with the modified-~FEBIAD ion source
could also compensate in part for the neglect of half-life effects in the
predicted activities.

D. Possible Studies

In spite of the uncertainties in the preceding calculation of activities
due to possible half-life effects for the shorter lifetime nuclei, the

numbers in Fig. 11 and 12 provide a useful estimation of the activities
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available with TRISTAN II at the HFBR. As was previously mentioned in
Sec. II.D., detailed decay scheme studies, including coincidence measure-
ments, are possible Qith actiyities éf 103—104/sec; singles studies of
intense Yy rays require minimum rates of %loz/sec; half-life measurements
or identification of new isotopes can be made with lower activities
provided background rates are low enoﬁgh. Many nuclei (60-80) lying
outside the solid outlines of Fig. 12 might be expected to have activities
above about 103—104/sec, which would be adequate for detailed decay
scheme studies. Also, for many of the nuclei within the solid outlines,
additional or more comprehensive gtudies are well worthwhile. A large
number (20-25) of new isotopes putside the dashed outlines might be
identifiable with activities of about 102—103/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-life effects were not included in the estimated
activities. The estimate of about 20-25 (for isotopes lying outside
tﬁe 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 Nevertheléss, 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 II at the HFBR, one
must recognize- that many of the previously studied nuclei ;hat lie
within the solid outlines have not been sufficiently studied. 1In
particular, a;omic spectroscopic studies have been made for very few of

the available fission products. 'This is also true even for the rare
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gases, alkali metals and daughters (which were not included in Figs. 11

and 12 since nuclear spectroscopic studies are quite advanced at present

for these fiséion products). Thus, of the nuclel expected to be avail-

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

closer to 200) would be candidates for one or mére 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 all of thé studies that would be intefesting.
Some choice or selgction must be made before.more detailed comments
are given., One consideration to be made in selecting nuclei for study
with TRISTAN II 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 TRISTAN 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 McGill. 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 II 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. 1In 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. 12.
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At JOSEF, the major concentrat;on in nuclear spectroscopy has been in the
nuclear shape-transition region around mass 100, involving primarily.Sr,
Y and Zr nuclei.26 At LOHENCRIN, nuclear spectroscopic studies have
concentrated in two regions -- near mass 150 (Cs, Ba, La, Ce, Pr) and
near mass 100 (Rb, Sr, Y, Zr, Nb),31 with the later studies often done
in coordination with JOSEF.

The SIRIUS facility at Strasbourg could also be considered as a
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,detéfmination of overall éfficiéncies have been initiated only
recenﬁly. 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
islonly beginning to be éstablished, should not involve the nuclides
of Fig. 12.

The OSIRIS facility at Studsvik separates the same fission-product
elements as TRISTAN II, as the mass scans in Fig. 10 show. An excellent
reviéw of'the OSIRIS facility and the experimental program was recently
given by Rgdstam.24 More than half of the research program has been
derted to systematic studies such as beta decay properties, total
decay energies, delayed neutron properties, and independent fission
yields. As é 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 OSIRIS)
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published. Several spectroscopic stu@ies.of'the heavy fission products
have been made in the region near Z=50, extending up to doubly magic
1328n. (See Ref. 24 for the list of reports on nuclear spectroscopic
studies at OSIRIS.) In addition to continuing the present projects,
future plans at OSIRIS involve érojects 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 I1I),
to quote Rudstam in ﬁef. 24, "The field is étill far from being fully
explored, and we forsee a loné 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. 12 are the
regions in which TRISTAN II would have minimal competition. This
statement is parti;ularly 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 of Fig. 12
have been shown to have. minimal competition, the question of whether
these nuclel are worth studying should be addressed.

For the light fission-product region-of Fig. 12, the nuclear
structures of the nuclei near the N=50 shell could be systematically
explored. Although the nucleus 78Ni, which is expected to be doubly
magic, is beyond reach, nuclei with a few particles or holes relative
to a 78Ni core FOUld be studied. For the N=50 isotones, proton particle
states could be explored in nuclei with three or more protons beyond -

81 82 83

the Z=28 shell, i.e. Ga, Ge, As, etc. Neutron hole states in the

N=50 shell and neutron particle states beyond N=50 could be studied in
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odd-A nuclei of_Ge and Se. The behavior of collective states in even-
éven nuclei on either sidé 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 éame manner as closed shells
do nearéer stability. Nuclear structure studies in the light fission-
product region of Fig. 12 would allow our knowledge of the structure
of puclei around the N=50 and Z=28 shells, which was obtained near
stability, to be extended towards 78Ni. This could thus shed light on
the unanswered question of whether these magic numbers remain magic
as 78Ni is approached. |

For the heavy fission-product region of Fig. 12, both the Z=50
shell, N=82 shell and doubly magic 1328n regions could be systematically
studied. The nuclei near l328n are especially interesting. As Fig. 12
indicates, activities should be sufficient to study level structures
of ;he single neutron-hole nucleus 1318n and the single praoton nuelens

Sb through the decays of 131In and 133Sn, respectively. It might also

be possihle ta study levels in both 1325n and 1335n through the decaye

of 1321n,and 133In, respectively, if the activities realized are not

133

too far below the upper-limit estimations of Fig. 12. The proton-hole

nucleus_13lln,»however, seems to be beyond reach through the decay of

131
Cd. 1In terms of "valence" nucleons or nucleon holes relative to

1328n, possible studies could involve the following nuclei: valence-0

1328n, 2 or 3 of the 4 valence-l 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 valence-4

. 2
nuclei, etc. Thus at least half of the low-valence nuclei near 13 Sn
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could be systematically studied with TRISTAN II at the HFBR. Of the
21-25 nuclei listed above as possible, some nuclear structure information

exists, 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.
Comprehensivé studies have not been made for the large majority of
these nuclei. TRISTAN II'and OSIRIS both have the opportunity to maie
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 II. Even-even isotopes of Cd, Sn,
Te and Xe, whose expected activities can be obtained from Fig. 12,
could be studied. Also, even-even Ba and Cé isotopes would be available.
A large number of these nuclei have not yet been stﬁdied 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 Z=50
and N=8Z are appfoached, trends in collective behavior as the nuclei
approach the nuclear shape-transition regions below the Z=50 shell and
above ;he N=82 shell could be systematically mapped.

In the preceding discussion of intéresting studies to be made with
TRISTAN II 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
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at the'possible'studies in Table 4 shows. ~A1though the other types of
studies could also be discussed in some detail, the preceding 1imited
discﬁssion ig.sufficieﬁt to indicate the large number of interesting
stpdies'of the nuclei fér from stability that would be possible with

TRISTAN II at the HFBR.
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