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Abstract

Neutron-rich isotopes around lead, beyond126, have been studied exploiting the fragmentation of @mium
primary beam at the FRS-RISING setup at GSI. For the first irdecay half-lives of'°Bi and?'%212213T| jsotopes
have been derived. The half-lives have been extracted @simgmerical simulation developed for experiments in
high-background conditions. Comparison with state of then@dels used in r-process calculations is given, showing
a systematic underestimation of the experimental valuagraance from close-lying nuclei.
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The abundances of the natural elements observed
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timescales of the nucleosynthesis process. A reliable
description of the underlying astrophysical scenarios
depends crucially on the knowledge of nuclear proper-
ties in the relevant regions of the Segre chart extending
from nuclei close to stability, involved in the slow neu-
tron capture process (s-process), up to nuclei fasta-
bility, approaching the neutron dripline in the case of the
rapid neutron capture process (r-process) or the proton
dripline in the case of the rapid proton capture process
(rp-process) [1].

In this context, the half-lives of neutron-rich (n-rich)
nuclei on the astrophysical r-process path are of primary
importance for its full understanding [2]: they define
how rapidly the heaviest nuclei are synthesized during
the r-process, thus determining the strength of fission
cycling [3, 4]. These half-lives define the matter-flow
bottlenecks which largely influence the r-process abun-
dance pattern. The r-process description is atBected
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Figure 1: y spectra correlated with the decay of?*®Bi. In the top
panel the correlations are performed in standard time seughow-
ing the expected-ray transitions from the known decay scheme [14]

by various inputs of nuclear properties such as masses,together with characteristic X rays. The bottom panel shoarse-

B-decay rates, () and ,n) reaction cross sections,

lations performed in time reversal order to highlight ramdoorrela-

tions. The inset in the panel shows the time distributioraivtetd in

etc. Scarce experimental data on r-process nuclei [5, 6], coincidence with the 262-, 385- and 425-keV/ transitiongtbgr with

contribute to the diiculties in understanding the astro-
physical scenario.

Simulations of the r-process rely on theoretical mod-
els for thep-decay half-lives. These calculations have
been done globally, i.e. for all r-process nuclei within

the same framework, based on Quasi Particle Random-

the analytical fit by a double component exponential-decegtion,

in order to account for the background.

better agreement with the experimental data.
The present letter reports on the first measurement of

Phase Approximation (QRPA) on top of macroscopic- A-decay half-lives if*Bi and?!*2122°T1. The half-life

microscopic mass models like the Finite-Range Droplet
Model (FRDM) [7], or on a self consistent micro-

of 218Bj has been measured and compared to results ob-
tained some years ago at CERN [14], and is therefore

Scopic approach as the one using the Fayans energyused as a test case for the analySiS. Results II’HTBQZ

density functional (DF3cQRPA) [8]. The treatment
of first forbidden (FF) transitions, found to be sig-
nificant in particular for nuclei crossing the closed

and Bi (Z=83) isotopic chains are of particular impor-
tance since they lie at the two sides of the8& pro-
ton shell closure. Even if not particularly n-rich, being

shells and having a neutron excess more than one ma_just few neutrons aWa.y from the Stablllty |ine, these are

jor shell, is also dterent in both models. Whereas

the most exotic nuclei so far accessible for spectroscopy

the FF strength is treated as a smooth background bystudies. In this mass region predictions show a tendency

the FRDM+QRPA [9], and thus included using the
macroscopic phenomenological Gross Theory [10], the
DF3+cQRPA treats FF decays microscopically, in terms
of the reduced multipole operators depending on the
space and spin variables [11].

Recent lifetime measurements on very n-rich nuclei
nearby theA ~ 130 waiting-point [12] show an overes-
timation of a factor of two or more of the half-life cal-
culations based on the FRDMDRPA approach. Also
the scarce data available approachingihe 126 shell
closure [13] indicate an overestimation of the lifetimes
predicted by the same model, in this case of more than
one order of magnitude. In contrast, the self-consistent
description of the FF decays in the DF&QRPA frame-
work predicts a stronger reduction of the half-lives, in

2

to underestimate the measured values, at variance from
the region below N126, where the half-lives are over-
estimated.

The experimental data have been extracted using a
numerical approach [15] which has been developed to
study long-living nuclei, with half-lives of the order of
tens of seconds. Issues related to the measurement of
such long half-lives are strongly connected to a correct
evaluation of the background, arising both from high
implantation rates, giving rise to multiple, indistingis
able, implantations, and from activity build-up, owing
to long correlation times.

The experiment has been performed exploiting a frag-
mentation reaction of &%8U beam at 1 GeVA on a
2.5 gen? Be target. The*®U beam was delivered by
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Table 1: Number of implanted ions (middle column) and cqrogsi- Time [S] Time [S]
ing implantation rates (right column) for the nuclei undexalysis.
Last column gives the product of tifiedetection €éiciency times the Figure 2: Experimentally (symbols) and numerically (sdiies) de-
feeding of the states. See text for details. Half-lives & thuclei termined ratios between forward and backward time distidins for
marked with a star are already reported in literature [14, 16 218g; sorted in standard and accumulated format (left and figiniel).

In the insets thg? minimization for the distributions are shown. (See
text for details).

the UNILAC-SIS accelerator facilities at GSI at a stable
intensity of 15(109. ionglspill, with a repetition cycle of and behind the silicon array to serve as software trig-
3 s and an extraction time of 1 s. ger and veto condition for an implantation event. The

The nuclei of interest were separated and identified in DSSSD detector system was surrounded by the RISING
the double-stage magnetic spectrometer FRagment Sepy.-ray spectrometer [23, 24], comprising 105 germanium
arator, FRS [17]. A 758 mign¥ Al wedge-shaped de-  crystals arranged in 15 clusters. The full-energy peak
grader at the intermediate focal plane was set to pro- detection iciency of the array was measured to be
duce a monochromatic beam, ensuring the implanta- 159 at 662 keV [23]. This array enabled the measure-
tion of the produced species in the active stopper lo- ment ofy-ray transitions in time coincidence with im-
cated at the final focal plane of the FRS. Standard pjantations ang-like particles, using a correlation time
FRS equipment, comprising thin scintillator detectors \indow of up to 10Qus.
in the intermediate and final focal plane for time of A good implantation event was defined by a measured
ﬂlght measurement, Time Projection Chambers for Po- high energy signal in one pixel of the DSSSD pads. The
sition determination and ionization chambers at the fi- particle-identification (Z,A), the pixel location and the
nal focal plane for energy loss measurements, was em-implantation time, given by a timestamp module, were
ployed. Two diferent FRS settings, centering &#Pb recorded. A matching decay was defined as an event
and?'’Pb, were measured, in order to populate the most having an energy signal occurring in the pixel activated
exotic nuclei so far accessible in Pb, Tl and Bi isotopic by the implantation, or in the neighboring cells, within
chains. To reduce the count rate in the intermediate fo- a time-correlation window set according to the expected
cal plane detectors, ariSing mainly from primary-beam lifetime. An average of 60% match"’@ events hap-
charge state${?U%"* and**®U®*"), an additionalhomo-  pened in the 8 pixels adjacent to the one activated by
geneous 2 g Al degrader was placed after the first  the implantation, as expected by the range of electrons
dipole of the FRS. Further information on FRS settings \which is greater than the pixel size.
for this experiment can be found in [18]. Details on  pye to the amount af-electrons produced during the
the identification in mass over charge/¢hand charge  stopping process of the residues in the Al degrader and
states discrimination are given in [19, 20]. in the Si detectors, only thé-like events recorded dur-

At the final focal plane, the fragmentation residues ing the 2 s beam pause were considered, thus suppress-
were slowed down, in a variable-thickness Al degrader, ing high-multiplicity “in-spill” correlations.
to the energies required to implant the selected nucleiin  In order to reduce the background coming from the
the RISING active stopper, a composite DSSSD detec- decay of the daughter nuclei and other nuclei implanted
tor system comprising 3 layers, each with three DSSSD in the active stopper, thgelectrons were identified us-
pads [21, 22]. Each DSSSD, »616 pixels, had di- ing the characteristig rays of the daughter nucleus, set-
mensions 5< 5 cn? and a thickness of 1 mm. The ac- ting a time correlation window of 200 ns betweg@and
tive stopper registered the position and time of an ion y decays. Owing to the uniqueness of fhe y cor-
implantation and of the following-decays. Two ad-  relations, this analysis does not need to include, in the
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ditional scintillator detectors were placed right in front
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Figure 3: Experimentally (symbols) and numerically (sdiites) determined ratios between forward and backwardibligions for2112122137]
and?'°Bi, together with the,?> minimization in the insets. Resulting half-lives are giverthe text.

evaluation of the half-life, the decay of daughter and uncertainty of the present measurement embodies both
grand-daughter nuclei, which would have comparably the error of the analytical fit and the systematic errors
long lifetimes. Following this procedure, the first ac- related to the bin size of the experimental time distribu-
cepteds-like event occurred after the ion implantation tion and the suppression of “in-spill” correlations.
corresponds to the real decay with the maximum proba-
bility. The suppresion of such “in-spill” correlations in the
experimental time distributions has been investigated
using the new numerical approach described in [15].
This method has been developed to study long-time ion-
B correlations in high-background experiments. The
Figure 1 showg-delayedy spectra referring to the  complex spill structure of the experiment is a critical
decay?'®Bi —2®Po. In order to evaluate the back- issue considering that the half-lives under study span
ground contributions, the iog-correlations were sorted  more than one beam repetition cycle. In contrast to
both in the correct time sequence (the “forward” spec- the analytical fit, this procedure considers all the pos-
trum in the top panel) and in time-reverse mode (the sible background sources by simulating the experimen-
“backward” spectrum in the bottom panel). The “for- tal sequences of implantations and decays. The numer-
ward” spectrum shows transitions that have been at- ical approach consists in performingyd fit between
tributed to the decay f®Bi in Ref. [14], together with the experimental data and a series of numerical func-
characteristic X rays, while the “backward” spectrum tions, obtained from Monte Carlo simulations of the
shows predominantly contributions from the X-rays and ion-3-y time correlations, for which the decay lifetime
the annihilation peak at 511 keV. The inset shows the ex- 7 is the only free parameter. As the numberyofays
perimental decay curve obtained for the 262-, 385-, and (N,) and implantations (N were extracted from the
425-keV lines. The analytical fit to exponential func- recorded data, the total detectidfigency ofy-labelled
tions, also displayed in the figure with the solid line, re- electrons could be easily determined for each nuclear
turns a half-life of 36(14) s for this decay, well in agree- species according fd, = €, *ez* f «N;, wheree, andes
ment with the previously reported value of 33(1) s. The are they- andB-detection éiciencies, while f accounts

4

Table 1 reports the number of implanted ions for each
of the isotopes under analysis, together with the typical
implantation rate.
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for the feeding of the states populated in the daughter
nucleus. Typical values for thg-detection #iciencies
ranged between 15% to 20%, according/toay ener-
gies. In table 1 we quote the productegf: f used for

the nuclei under analysis.

The uncorrelated contributions are evaluated by sort-
ing the experimental (and simulated) data with a time-
reversed sequence of iy correlations, and are con-
sidered in the? test by using, as fitting function, the
ratio between “forward” and “backward” time correla-
tions.

The forward to backward ratios of the time distribu-
tions of2'8Bi are shown in Fig. 2. Experimental values
are reported by symbols while the simulated ones, cor-
reponding to the lifetimer that minimizes the/? test,
by full lines. In order to increase the statistics of long-

agreement both with the analytical value extracted from
the data and the previously published result [14].

Once verified the reliability of the analysis tech-
nique, the half-lives of other nuclear species, for which
specific coincidenty transitions were observed, have
been obtained. The resulting half-lives are:28 for
2198j, 88%75 s for 21171, 9633 s for 22T, 46*32 s for
21371, In the case of'3TI we significantly improve the
precision on this measurement compared to the previ-
ously reported value, 1042%s, extracted during a mass
measurement using time-resolved Schottky spectrome-
try [16].

Figure 3 shows the results of the numerical fit for the
above mentioned nuclei. Again in this figure symbols
represent the measured forward-backward ratios, while
the full lines the best-fitting simulated ratios. Thé
minimizations are shown in the insets. The measure-
ment of these half-lives is of great importance being
these nuclei the most exotic so far accessible in this
mass region. Details ghi— y correlations for these nu-
clei will be given in a forthcoming publication.

Figure 4 shows the comparison of the experimental
data with the theoretical approaches described in the in-
troduction [9, 11]. Both models underestimate the half-
lives by factors ranging from 1.5 to 10, except for the
odd-mass Bi isotopes for which the FRIMIQRPA pre-
dicts higher values. In this case, the agreement with the
experimental data improves for the most neutron-rich
nuclei.

First-forbidden transitions play a crucial role in the
description of the decay of neutron-rich nuclei in this
mass region and predictions come very close to the ex-
perimental values. The need of the inclusion of first
forbidden transitions can be understood also consid-
ering the involved orbitals. The major FF contribu-
tion is related to thewliyy2m1hg2), (v3ds,2n2f7,2) and
the slightly hinderedw2gy,271hg;2), (v29e,27217/2) con-
figurations, thus predicting a strong competition be-
tween high transition energy GT and FF decays. In
the case of the Tl isotopes, the; 3, 2ds/, orbitals in
the proton valence space are partially opened, favouring
highly energetic Gamow-Teller (GT) transitions from
the partially occupied », 3ds/2 neutron shells. Also
the expected relatively higk)s values (3.5-6.0 MeV)

time correlations the data have been sorted also in thegpen the stretched1i11/271i132) quasiparticle config-

so-called “accumulated” format, adding the statistics of
previous bins. In the insets of Fig. 2 thé minimiza-
tion and the half-life extracted from the procedure in the
two cases are shown. The horizontal lines account for
statistical error corresponding to a variation of 1 unit in
the y? minimization.

Results from the numerical approach are in good

5

uration, giving rise to a non-negligible GT strength
[11, 25].

The modelization is, however, not perfect, since the
models show, for instance, a staggering between odd
and even nuclei that is not as strong in the experimen-
tal data. Moreover predictions deviate when passing
through the N-126 shell closure: experimental data are



on average overestimated in case &fI6 [13], while
they are underestimated in nuclei with neutron number

N>126. For some specific nuclei the predictions seem [

to fail drammatically: an example %8Bi, whose half-
life, confirmed in the present analysis, is not reproduced
in the FRDM+QRPA treatment even with the inclusion
of FF transitions, or the case &fTI which is heavily
underestimated by both approaches.

Given the presented discrepancies, furtietecay
studies at both sides of the426 shell closure are
highly demanded.

The results presented in this letter on the measure-
ment of half-lives in?1°Bi and 2112122137 are impor-
tant to extrapolate the behavior of nuclei in the prox-
imity of the r-process path. Theoretical calculations are
here shown to generally underestimate the half-lives for
these heavy n-rich nuclei. If this situation persists for
even more exotic systems, this will have implications
on the r-process timescale and abundances, which, in
turn, dfect the amount of U and Th produced, as well
as the amount and timescale of the reprocessing through
fission.
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