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Introduction

The level properties near the stable doubly-magic nuclei formed the experimen-
tal grounds for the theoretical description of nuclear structure. However with a ~ ~~ ~
departure from the beta–stability line, the classical well-established shell s;ructure
might be modified. In particular, it may even vanish for extremely exotic neutron-
rich nuclei near the neutron–drip line [1,2]. Presently, it is impossible to verify such
predictions by a direct experimental studies of these exotic “objects. However, one
may try to observe and understand the evolution of the nuclear structure while de-
parting in the experiment “as far as possible” from the stable nucIei. An extension
of experimental nuclear structure studies towards the nuclei characterized by high
neutron excess is crucial for such verifications as well as for the r-process nucle-
osynthesis scenario [3,4]. Heavy neutron-rich nuclei, ‘south-east’ of doubly–magic
208Pb, were always very difficult to produce and investigate. The nuclei like 21*P0
and 214Pb [5] or 210Tl [6] marked the border line of known nucIei from the beginning
of the radioactivity era for over ninety years ! To illustrate the difficulties, one can
refer to the experiments employing the on-line mass separator technique. A spal-
Iation of heavy targets like 232Thand 238U by high-energy protons was proven as a
source of heavy neutron-rich nuclei. The isotopes near and beyond doubly-magic
20aPb were produced too. However, such studies often suffered from an isobaric
contamination of much more strongly produced and efficiently released elements
like francium or radon and their decay products. A new experimental technique,
based on the pulsed release element selective method recently developed at the PS
Booster-ISOLDE at CERN [7,8,9] greatly reduces the contamination of these very
short–lived cv--emitters (2>84) for the isobaric mass chains A=215 to A=218.
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The production of radioactive nuclei at the PS Booster-ISOLDE target occurs
during the very short (2.4 p), intense (s 1013 protons per pulse) 1 GeV protons
pulse [10] The reduction of isobaric contamination of short-lived activities is due
to the waiting time of about 200 milliseconds, applied between the proton beam
impact and the release of the radioactive beams from the target-ion source system.
A large fraction of the longer-lived nuclei, like beta-decaying neutron–rich bismuth,
lead and thallium isotopes, can still be released very efficiently [8]. For example,
almost 100% of produced 93-seconds activity of 217Biand still over 90% of shorter-
Iived 215Pb (Tli2=36 s), will be released from the target. The production rate at
the 55 g/cm 2 232ThC2 target irradiated with a 1 GeV pulsed proton beam (3*1013
pps) and combined with a hot plasma ion source (see [10] and earlier refs therein),
was as high as 108 atoms at 1 pC for 213Biand still at the level of a few hundred

217Bi For lead isotopes, the rates were aboutatoms per PC for the new isotope .
5 x 104 atoms per pC for 214Pb and about a few thousands per pC for the new
isotope 215Pb. With such high rates, it possible to identifi and study the decay
of 215Pb within half a minute @-y coincidence measurement [9] after 12 second
sample collection time ! The subsequent longer experiment allowed us to confirm,
via Xray--y and ~-y coincidences, that new -y-lines at 187, 414 and 747 keV form
a cascade between the levels in 215Bi, see the example of a recorded spectrum in
Fig.1.
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Fig.1. The ~-gated X–ray spectrum, showing the bismuth X–rays in coincidence
with a 414 keV y line, was recorded for A=215 mass-separated samples at the PS
Booster-ISOLDE.
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The production rates achieved at PSB-ISOLDE are much higher than the yields
obtained in a recent experiment employing a fragmentation of relativistic 1 GeV/u
23*Ubeam at FRS-GSI [11]. For example, the rate of 215Pb was about eight orders
of magnitude lower ! However, this experiment was performed at FRS with only
5 x 106 23*U ions per second. An increase of the primary beam intensity to 5
x 1012 considered among possible GSI upgrades in next decade would make a
dramatic improvement to the rates of exotic neutron–rich nuclei. However, already
with relatively low production rates, the GSI study resulted in the identification
of seven new isotopes, 209Hg,210Hg, 211q3 212T1, 21*Bi, 219P0 and 220Po, and new

isomeric states in 203Tl, 204Tl, 211Biand 2;2Pb [11]. These isomers have a halflife
in the ps range, not accessible with the pulsed release method at PS Booster -
ISOLDE. Both techniques, which allow the approach to new neutron-rich nuclei
beyond doubly-magic 208Pb, a chemically selective pulsed release method at PS
Booster-ISOLDE and fragmentation of relativistic 23*Ubeam studied by means of
FRS, are complementary at the present time.
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Fig.2. The three spectra corresponding to the first, second and eighth sub-
sequently measured one-second subgroups of cv-multispectrum are overlayed to
illustrate a decay pattern for 6.54 MeV a–line obtained for A=217 samples with
a 500-pm thick Si detector. The number of counts recorded at each subgroup of
a–multispectrum is displayed as an inset.

.
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Examples of results from PS Booster-ISOLDE experiments

The decay properties of A=215, A=216 and A=217 samples were measured by
a-, ~-, y- and X–ray spectroscopy methods. For 215Pb, the halflife of 36.5(3) s was
determined from the decay pattern of the strongest ~-transitions at 187, 414 and
747 keV. Bismuth KX–rays were observed in coincidence with these transitions, see
Fig.1, as well as the q+ coincidences recorded in an earlier experiment [9]. However,
to confirm unambiguously the identification of the new neutron–rich isotope, an
interpretation of this activity as a new isomer in 215Bihas to be ruled out. This
requires a measurement with an absorber in front of a beta counter to stop the
hypothetical conversion electrons from isomeric decay. During the studies of A=217
samples of 217Bi, two ~–transitions known from earlier a-decay study of 221At as
de-exciting the 254 and 264 keV levels in 217P0, were observed in a &coincident
spectrum. Polonium KX-rays coincident with these ~–transitions confirmed the
identification of a new isotope. The halflife of 93(3) s is an average resulting from
the measured halflives of these y-transitions. In the same run, T112=1.46s of 217Po
was determined for the first time from the a-decay time pattern, see Fig. 2.

A reinvestigation of the decay of 21GBigives a halflife value of 132(3) s, shorter
than the previously reported 6.6(2.1) min [12] and 3.6(0.4) min [13]. The four
strongest transitions following the ~–decay, namely the new lines at 223 and 360
keV, and those previously reported [13] at 419 and 550 keV, are interpreted as a

21GPo Two weak ~–transitions at 42 and 149cascade de–exciting the 8+ state in .
keV, having T1j2 N 16 s, found at A=216 samples, might represent an indication

21GF’b A comparison of measured halflives to availablefor a decay of a new isotope, .
predictions is given in Table 1. Already such a limited data set calls for improved
calculations, in particular since the halflives are really important input parameter
for the r-process path predictions.

The further analysis and interpretation of spectroscopic data is in progress [14].

Summary

The previously experimentally unaccesible region of neutron–rich nuclei ‘south–
east’ of the doubly–magic nucleus 208Pbhas been approached via two complemen-
tary methods.

A proposed experiment extending the FRS based studies has been accepted
[15]. At ISOLDE, the next experiment using a thermal ion source should allow
the enhancement of thallium relative to bismuth and lead isobars, in addition to
already achieved chemical selectivity. Both techniques contribute to the tracking
of nuclear structure evolution along closed shell Z=82.
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ISOTOPE HALF LIFE [s]
STAUDT et al. MOLLER et al.

EXP ADNDT 44(90)79 ADNDT 66(97)132
Hilf Groote Moller

215Pb13382 36.5(3) 186 281 119 >100
21613ilss83 132(3) 189 191 223 >100
~~7Bi134 95(3) 93.1 178 88.7 >100
:j7Po133 1.46(5) - - - 44.7

(a-decay)

Table 1. A comparison of measured halflives to the predicted values. For
Staudt et al calculations three values corresponding to the different mass formulas
are given.

The rates and release time profiles measured at ISOLDE during the described
studies are also important for the design of post–accelerated radioactive ion beam
facilities. The NISOL facility at Oak Ridge [16] is directly related to the ISOLDE
thirty years experience. The data obtained at PSB-ISOLDE within last few years
with 1 GeV proton beam are particularly relevant. The beam of 1 GeV protons
from the linear accelerator (in final design) at the Spallation Neutron Source site at
Oak Ridge, with an average intensity about 25 to 50 times higher than the present
PSB–ISOLDE operation, is planned to be used at NISOL. It is important to notice
that the beam time structure of SNS driver is more “gentle” for the target - ion
source system. The number of protons per micropulse of about 600 nanosecond is
800 times lower at NISOL. The SNS-NISOL 1 millisecond macropulse has a simi-
lar number of protons as the PSB pulse lasting only about 2.4 microseconds. The
higher total proton dose at NISOL is achieved by larger macropulse repetition rate,
about 17 milliseconds to be compared to maximum rate of 1.2 second at the PS
Booster-ISOLDE. If constructed, the NISOL facility will be an excellent labora-
tory to continue the studies of new neutron-rich heavy nuclei produced in proton
spallation reactions.
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