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B-decay of neutron-rich nucleiwith Z =~ 60 : The
origin of rare-earth elements
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A large fraction of the rare-earth elements aroénd 160 observed in the solar system are pro-
duced in the astrophysical rapid-Y neutron-capture process. However, current stellar tsode
cannot completely explain the relative abundance of thksaents partially because of nuclear
physics uncertainties. To address this problen-@ecay spectroscopy experiment was per-
formed at Rl Beam Factory (RIKEN), aimed at studying a widegeof very neutron-rich nuclei
with Z ~ 60. This experiment provides a test of nuclear models asage#ixperimental inputs
for r-process calculations.
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1. Introduction

Approximately half of the elements heavier than iron are produced in the fapideutron-
capture process. However, the site of r-process and the physidditions in which it operates are
still unknown. What is known is the elemental and isotopic abundance p#ttgribhproduces. Two
distinct peaks aroundl = 130 andA = 195 are the most prominent features of such pattern, and they
are associated with the neutron-closed shelld at82 andN = 126, respectively [1]. The second
most prominent feature is the rare-earth element peak arbent60. The abundance distribution
of rare-earth elements observed iprocess enhanced metal-poor stars is consistent with the one
observed in the solar system, indicating that the rare-earth elements dueg@idoalmost entirely
by ther-process [2].

One theoretical model shows that fission recycling plays a crucial rolesifotination of the
rare-earth elements peak. The rare-earth nuclei beteerl10 andA = 170 can be produced
from the spontaneous aiftidelayed fission of nuclei arourl= 278 [3], while theA = 130 peak
disappeared due to the high neutron density which is required to makeeassrpath up to the
fission region.

The other theoretical model predicts that the formation of the rare-eaathipevery sensi-
tive to the thermodynamics conduction during freeze out, and theref@eetk can provide a
powerful tool to probe late-time-process conditions [4]. To understand the formation of the rare-
earth peak, neutron-capture cross sectiong,(;decay half-lives an@-delayed neutron emission
probability are necessary. Due to the current experimental limitations theedéfecult to measure
and theoretical models have to be employed to predict them. Since calcul#itéidelsaare less
sensitive to small shift in the single particle levels of exotic nuclei than staldieirand depend
strongly onf3-decayQ value [5], B-decay half-lives of exotic nuclei are not only an importent
process input but also provide nuclear structure information in verjepamion by comparing the
prediction of the theoretical nuclear models.

2. Experimental setup

Very neutron-rich nuclei arountP®Nd were produced using in-flight fission 81U beam
accelerated to 345 MeV/nucleon and colliding with Be target. The secomgany including a
cocktail of very neutron-rich isotopes was purified and identified in trgelacceptance BigRIPS
separator. Selected and identified neutron-rich nuclei with approxima@@yp2® rate were im-
planted in theg3-decay counting system WAS3ABI (Wide-range Active Silicon-Strip Seopr-
ray for Beta and ion detection) that consisted of a stack of five Double-Sliton-Strip Detectors
(DSSDs) [6]. Each DSSD was 1-mm thick and segmented with 60 strips in timwhtal direction
and 40 strips in the vertical direction with 1-mm width for each strip and a distah©.5 mm
between neighboring DSSDs [7]. The position and time of implantations as sviéledollowing
B-decay events were measured. Thdecay curve was constructed by combining the position and
time correlation. The high-efficiency EURICA spectrometer that was usetkasure isomerig
rays and thg-delayedy rays, consisting of twelve germanium cluster detectors with seven crystals
for each cluster, was surrounding WAS3ABI. Lifetimes of short-liveditexi states down to tens
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of picoseconds were measured by eighteen LaBr3 (Ce) detectorsjumctan with two plastic
scintillators mounted in the upstream and downstream of WAS3ABI.
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Figure 1: (color online) The figure shows the particle identificatiarthis experiment, and the nuclei with
new B-decay half-lives are located in the right side of the red.lin

3. Experimental results

In this experiment, 27 ne@-decay half-lives were expected with about 75 different nuclei
implanted shown in Fig. 1. The particle identification was performed accordithg kE-TOF-Bo
method and high performance detectors along the beam line were usedirigdiigh-efficiency
delay-line parallel-plate avalanche counter (PPAC), lon Chamber asticsaintillators. Identifi-
cation of fission fragments aroufePNd was possible, but a significant contamination of hydrogen-
like species was present. At such energy, fully-stripped nuclei mayymadectrons when inter-
acting with aluminum wedge degraders or beam-line detectors, changinghbeie states. In the
particle identification plot, these species will partially overlap with heavier igstof his effect
is particularly strong in this experiment because of the high atomic number @futtlei trans-
mitted. By using trajectory reconstruction method [8], the sigma of A/Q valuesiggficantly
improved to 0.15 %. The fit of decay curves includes the exponentialyd#ca parent nucleus
and the contribution from the decay of daughter and granddaughtksi,nas well as a constant
background. Five-to-ten times thzdecay half-life was chosen as the time correlation window
between implantation and its followingrdecay events.

Figure 2 shows the systematic tendency of prelimindsgtecay half-lives as a function of
neutron number from Cs to Pm in comparison with the predictions of two thealratadels. One is
the KTUY mass formula [9] combined with a gross theonBeflecay (GT) [10], and the other one
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is the FRDM formula [11] combined with the deformed quasi particle randas@hpproximation
(QRPA) [12]. Our results are consistent with the literature values ex8pa. The difference
between the predictions of two theoretical models are very large, rangswnie case up to one
order of magnitude. Compared with experimental results, odd-Z nucler the KTUY+GT2,
which predicts longer half-lives and a smoother systematic trend than FRIR®A. However,
this is not true for even-Z nuclei and in some cases neither of the two modelegaduce the
experimental results. So the experimental results in more exotic regions widdzied to improve
the theoretical models.
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Figure 2: (color online) Systematic tendency of preliminary hale for elements(Ba, Ce, Nd, Cs, La, Pr,
Pm) (triangles stand for previous measurement and blackstiand for the measurement in this experiment)
in comparison with two theoretical models KTUY [9] + GT2 [10¢d line)and FRDM [11] + QRPA [12]
(green line).

4. Summary

To understand the mechanism of production of rare-earth elements initleesgn a3-decay
spectroscopy experiment was performed at RIBF, RIKEN Nishina €e2enewS-decay half-
lives of rare-earth nuclei have been measured and r-process simulgtibe performed. Theory
and experiment provide the prospectfbr 100 subshell closure [13]. Such subshell closure could
contribute to the formation of the rare-earth elements peak. In futureggiepof nuclei in more
exotic region will be measured and the mechanism of rare-earth elemehte/iidse understood
more clearly.
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