[-Decay Half-Lives of 55 Neutron-Rich Isotopes beyond the N=82 Shell Gap
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The [-decay half-lives of 55 neutron-rich nuclei
1511551 5 were measured at the Radioactive Isotope Beam Factory

1427148Xe 145—151 Cs 1487153Ba
) ) )

13471398n 134—142 Sb 1377144Te 14071461
) ) ) )

(RIBF) employing the projectile fission fragments of 2381J. The nuclear level structure, which relates
to deformation, has a large effect on the half-lives. The impact of newly-measured half-lives on
modeling the astrophysical origin of the heavy elements is studied in the context of r process nucle-
osynthesis. For a wide variety of astrophysical conditions, including those in which fission recycling
occurs, the half-lives have an important local impact on the second (A =~ 130) peak.

The rapid neutron-capture (r-) process is responsible
for creating about half of the stable nuclei beyond the
isotopes of iron through a production mechanism of suc-
cessive neutron captures intertwined with 8 decays [1].
Recently there has been significant progresses in deter-
mining the astrophysical site(s) of r-process nucleosyn-
thesis. Two promising r-process sites are a focus of dis-
cussion: the high-entropy neutrino wind of Type II su-
pernovae [2-5] and coalescence of neutron star binaries
(NSNS) [6-11]. The historical first detection of Gravita-
tional Waves (GW170817) from a binary neutron star
merger has confirmed that the latter site produces r-
process nuclei. The generation of an optical near-infrared
transient source following a short Gamma-Ray Burst
(GRB170817A), known as a kilonova, was believed to be

produced by the radioactive decay of neutron-rich nuclei
occurring in the nucleosynthesis of the r process [12-15].
Although these recent observations constitute a valuable
new contribution to r-process studies, more astronom-
ical observations, experimental work and modeling will
be required [16].

Obtaining the large amount of unmeasured nuclear
properties that are necessary to calculate r-process nucle-
osynthesis is one of the main challenges in this endeavor.
Fortunately, the critical input of S-decay half-lives are
more readily accessed in experimental studies compared
to other quantities, such as nuclear masses and neu-
tron capture rates. Particularly challenging are nuclear
structure issues occurring near closed shells, for example
shape transitions from spherical to deformed nuclei and



the appearance of octupole collectivity. Here, new mea-
surements are of particular value. The newly measured
B-delayed half-lives provide an important experimental
data set to test the predictive ability of current theories.

In this paper, we present [-decay half-lives of 55
neutron-rich nuclei beyond the N = 82 shell closure. Of
these 55 nuclei, 13 are new with no data existing in the lit-
erature. The initial information on the nuclear structure
in this region is investigated by comparing with different
theoretical models. The impact of these new half-lives on
the calculated r-process abundances near the (A = 130)
peak is also explored.
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FIG. 1. (color online). Particle identification of the nu-
clides, and the well separated hydrogen-like charge state
(AfSZ(Zle) events accompanied closely on the left side of
the fully-stripped (AZ z T) isotopes as illustrated in the figure
[17]. The isotopes included by the green shaded area were
already measured in previous experiments. The nuclei tagged
by red circles are the most exotic isotopes measured in this
experiment for each element.

The exotic neutron-rich isotopes around '4°Te were
produced at the Radioactive Isotope Beam Factory
(RIBF), employing a primary beam of 238U with an en-
ergy of 345 MeV /u and an intensity of 5 pnA. After bom-
barding a target of “Be with a thickness of 2.92 mm, the
projectile fission fragments were selected and identified
by the large-acceptance BigRIPS separator. The nuclei
of interest were implanted in the beta counting system
of the Wide range Active Silicon-Strip Stopper Array for
Beta and ion detection (WAS3ABI) with a rate of about
100 pps [18]. The WAS3ABI includes a stack of five Dou-
ble Sided Silicon Strip Detectors (DSSSDs) with 1 mm
both for the width of each strip and the thickness of
each DSSSD. The prompt and $-delayed v rays emitted
from the implanted isotopes were detected by the 84 ger-
manium cluster detectors of the Euroball RIken Cluster

Array (EURICA), which surrounded the WAS3ABi [19-
21]. The particle identification plot was constructed by
the TOF-Bp-AE principle with the measurements from
the detectors along the beam line of the BigRIPS sepa-
rator, including plastic scintillators, ionization chambers,
as well as a variety of deflection magnets [22]. contam-
inant events with hydrogen-like charge states are well
separated from the fully-stripped isotope events, which
allow us to obtain the precise results employing both the
charge-state and fully-stripped events [17] (see Fig. 1).
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FIG. 2. (color online). Time distribution of ***Te j-

decay events fitted to the sum of activities of several com-
ponents: parent nuclei (solid green line), daughter nuclei
(solid magenta line), granddaughter nuclei (solid orange line),
B-delayed daughter nuclei (dashed magenta line), S-delayed
granddaughter nuclei (dashed orange line), as well as a con-
stant background (solid blue line).

The (-decay half-life of each isotope was extracted by
fitting its [-decay curve considering the time difference
between the position-correlated implanted ions and its 3
decays [24, 43-45]. The fitting employed two major tech-
niques: the least-squared and unbinned maximum likeli-
hood methods. Both include the contributions from the
decays of daughter and granddaughter nuclei, 5-delayed
daughter and granddaughter nuclei, as well as a constant
background. An example of the decay curve fitting for
142Te is given in Fig. 2. The half-lives of descendant nu-
clei used in the fitting were measured in this experiment
or taken from the literature [23]. The S-delayed neutron
emission probabilities (P,,) were obtained from literature
values [23] if they were known, otherwise they were re-
garded as free parameters with a range between zero and
one. The main source of uncertainty comes from the sta-
tistical error, while the uncertainty from descendant nu-
clei and P,, values were included as the systematic error.
If enough statistics were collected, the obtained half-life
was confirmed by fitting a decay curve which was gated
on the S-delayed ~ rays. In this region, it is possible for



TABLE 1. B-decay half-lives measured in this work compared with literature values, when available. The half-lives of '4°Sb
and 1*°Te were recently published based on the dataset from the same experiment, with the values of 173 + 12 [41] and 350 +
5 [42], respectively. The reason for small discrepancies probably comes from the background which the previous measurements
didn’t subtract while gating on the 3-delayed « rays. The newly measured half-life of *Sb has a large discrepancy compared
with the previous measurement, probably because the old measurement suffers from the large background level in the decay
curve [26]. The nuclei with the half-lives confirmed by the method of gating the S-delayed v rays are tagged with an asterisk

(%)

Nucleus T775 (ms) T4}, (ms) Nucleus T2 (ms) T4}, (ms)
1348n 1070 + 270 1050 £ 11 [23] Hs 89.7 £ 9.3
1358n 510 + 270 530 + 20 [23] | 94 + 26
136gn 369 + 76 290 =+ 20 [23] 142xe 1260 & 70 1230 =+ 20 [23]
1379n 204 + 12 230 + 30 [24] 13%e* 519 + 86 511 + 6 [32]
138Gn 158 + 15 140735 [24] B Ch 391 + 52 388 + 7 [29)
1398n 114 4 49 130 =+ 60 [24] D Ch 202 + 26 188 + 4 [32]
134Qh* 730 + 110 780 % 60 [23] 146 e* 147 + 13 146 + 6 [32]
135Gh* 1570 4 230 1679 + 15 [23] 14T X e 88 + 14 1001500 [32]
136 Q" 957 4+ 79 923 + 14 [25] 18Xe 85+ 15
137Qh* 566 + 52 492 + 25 [26] 145" 612 + 20 587 + 5 [23]
138Qh* 326 + 8 348 + 15 [23) 146 Cg* 318 + 18 322.0 £ 1.3 [23]
139Gh* 182+ 9 9313 [26] M7 O 225 + 5 230 + 1 [23]
140gh* 169 £+ 7 18 Cs* 144 £+ 9 146 + 6 [23]
14igp 103 =+ 29 149 Cg* 113+ 6 113 + 8 [33)
1428 53159 1500 90 + 15 84.4 + 8.2 [33]
137 e 2080 + 400 2490 + 50 [27] 1510 48 + 28 69 + 26 [33]
138 e 1500 + 320 1400 + 400 [28] 148Ba 602 + 46 612 £ 17 [23)
139 e* 724 + 81 119Ba 368 + 19 344 + 7 [23)]
140pe* 360 + 21 150Ba 245 + 16 259 + 5 [33]
14l e* 193 + 16 151Ba 166 + 11 167 & 5 [33)
142 e* 147 £ 8 152Ba 148 + 21 139 + 8 [33)
143 120 £+ 8 155Ba 109 + 59 116 + 52 [33]
144 93 + 60 15118 510 + 330 457139 [33]
o 553 + 46 860 + 40 [29) 152La 270 + 100 29815, [33]
Laly 418 £ 8 430 + 20 [30] 153 210 + 120 245 + 18 [33]
a2 235 £+ 11 222 + 12 [31] 154La 221 + 89 161 + 15 [33]
137 182 £ 8 130 =+ 45 [31] 155La 94 £ 59 101 =+ 28 [33]
Ladp 94 +8

the 8 decay to be populated by the long-lived isomeric
states. The isomers were identified by analyzing the S-
decay schemes in detail when there were enough statis-
tics. The half-lives of ground-state decays were extracted
by gating on the S-delayed gamma-rays only populated
from the ground states, such as **Sb, 4% in this region.
In this case, a large isomeric ratio and high statistics were
necessary to disentangle the (-decays from the ground
and isomeric states. The detailed information will be
published in a forthcoming publication.

The measured half-lives are reported in Table I to-
gether with previous measurements, if available. The
systematic trends of [-decay half-lives for exotic iso-
topes of elements from 5ySn to s7La are shown in
Fig. 3. The experimental results are compared with

literature values [23-33] and five theoretical predic-
tions: finite-range droplet-model FRDM-1995 mass for-
mula [46] with quasi-particle-random-phase approxima-
tion (QRPA) (2003) [34] as well as the new ver-
sion (2019) [35] with FRDM-2012 masses [47], Koura-
Tachibana-Uno-Yamada (KTUY) with the second gener-
ation of B-decay gross theory (GT2) [36, 37], Relativistic
Hartree-Bogoliubov (RHB) with the proton-neutron Rel-
ativistic quasiparticle random phase approximation (pn-
RQRPA) [38], and the energy density functional (DF)
with continuum quasi-particle random-phase approxima-

tion (CQRPA) [39, 40].

The comparison (Fig. 3) indicates that the current the-
oretical models are unable to fully reproduce the exper-
imental results in general up to a factor of ten in this
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FIG. 3. (color online). Systematic trends of the S-decay

half-lives from this work (solid circles) and from previ-
ous measurements (open triangles) [23-33]. The measure-
ments are compared to predictions of five theoretical models:
FRDM+QRPA(2003) [34] (brown), FRDM+QRPA(2019)
[35] (green), KTUY+GT2 [36, 37] (red), RHB+pn-RQRPA
[38] (blue), and DF+CQRPA [39, 40] (magenta).

region. The global nature of the KTUY4+GT2 calcula-
tion typically does better for the neutron-rich isotopes of
elements beyond the Z = 50 shell gap (see s3I, 54Xe,
55Cs, 56Ba, s7La). However, it cannot reproduce the
data for the nearly spherical nuclei close to the shell
gap since non-GT transitions contribute, for example a
first forbidden decay vf7/2 = mgg/o in N > 82 nuclei
near the doubly-magic nuclei '32Sn [24]. The system-
atic trends of 8-decay half-lives in the rare-earth region
have been well understood based on the FRDM+QRPA
calculation [33]. However, in this region, it shows rela-
tively large odd-even staggering caused by the nucleon
pairing effect, and tends to show an overestimation when
approaching 50Sn. The use of FRDM-2012 masses does
improve the agreement in this region especially for 505n,
515b and 52 Te (see green curve Fig. 3). The RHB+pn-
QRPA does not reproduce any structure-related features
including the odd-even staggering, and generally under-
estimates the experimental half-lives. One reason for the
discrepancy is that the (Jg values in this calculation do
not include pairing effects. The DF+CQRPA are only
applicable for nearly spherical nuclei, so they fit well the
half-life trends of 590Sn and 51Sb, which are close to the
doubly-magic nucleus }32Sn.

The KTUY4+GT2 and RHB+pn-RQRPA, systemati-
cally underestimate the half-lives but agree better for
more neutron-rich nuclei further from stability, because
for large Qg half-lives are less affected by level-structure
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FIG. 4. (color online). Ratio between theoretical cal-
culations and measured half-lives plotted versus experi-
mental half-life and neutron number for the four models:
FRDM+QRPA(2003) [34] (brown), FRDM+QRPA(2019)
[35] (green), KTUY+GT2 [36, 37] (red), and RHB+pn-
RQRPA [38] (blue), with the previous measurements (empty
dots) and 13 newly-measured half-lives (solid dots).

inaccuracies. Although the two FRDM+QRPA calcu-
lations are based on detailed calculated single-particle
spectra, they are less accurate close to N = 82, which
may be related to the difficulty of describing transition
regions between spherical and well-deformed nuclei. All
models become more accurate further from stability, be-
cause of the large Q3 the half-lives are less sensitive to
small inaccuracies in level structure (see Ref. [35] for
an in-depth discussion). A more quantitative compar-
ison was carried out by calculating the ratio between
theoretical predictions and experimental results as func-
tions of experimental half-lives and neutron number N

(see Fig. 4). In terms of quantitative analysis [47],
the mean deviation MY = 10 and mean fluctua-
tion ¢ = 107 have been evaluated for the previous

measurements and newly-measured data in this work,
with r = Teyp/Tear, 71 = logio(r), My = 1/nd> 0 1l
o1 = (1/n>0 (4 — M,1)?)Y/2. The deviations can
be up to one-order of magnitude. The Mean Devia-
tion MY and Mean Fluctuation o9 of the four theoret-
ical predictions have been evaluated including both pre-
vious measurements and the newly-measured half-lives.
For newly-measured half-lives, the FRDM+QRPA (2003)
has a M} value of 1.15, and a o9 value of 2.09 which
is similar to what was obtained for known nuclei [35].
The FRDM+QRPA (2019) and KTUY+GT?2 have simi-
lar vales of M and o}y indicating similar predictive ac-
curacy in this region. The RHB+pn-QRPA substantially
and systematically underestimates the experimental val-
ues with a MY value of 0.34, as is also evident from the
figures.
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FIG. 5. Gamow-Teller strength functions in the daugh-

ter states following A-decay of '#'Te calculated by the
FRDM+QRPA(2019) model, based on the odd particle lo-
cated in level 45 (a) and level 46 (b). The thin vertical arrow
indicates the Qg value, the slightly thicker arrow indicates
the neutron separation energy.

Although the FRDM+QRPA (2019) has more consis-
tent predictions than other models it exhibits large odd-
even staggering in contrast to the experiment. Pairing
effects are expected to give rise to substantial odd-even
staggering, but specifics of the nuclear level structure can
modify this expected general behavior [35]. The calcu-
lated half-lives of the 50Te isotopes with even neutron
number agree well with experiment, but the odd-N nuclei
are underestimated. One possibility is that the calculated
order of levels is not completely correct. We have inves-
tigated the effect of a small change in level order. Fig. 5
shows the calculated half-lives of 4! Tegg with two dif-
ferent odd-neutron configurations. When the position of
the odd neutron, expected to be level 45 with spin-parity
3/27, is changed to the 46th neutron level with spin and
parity of 5/27, the calculated half-life is much larger and
more consistent with the experimental value. This means
that in the actual ! Te the positions of these levels may
be inverted with respect to the calculated ones. The
change in spin/parity of the odd particle obviously leads
to different transition strengths and energies resulting in
the longer calculated half-life we obtain, see Fig. 5. A
more complete discussion of this type of issues are in
Ref. [35].

The impact of the measured half-lives on r-process
abundances is explored using the PRISM (Portable Rou-
tines for Integrated nucleoSynthesis Modeling) reaction

10-3 — exp —— theory t  solar
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FIG. 6. (color online) The calculated r-process abundance
with (red) and without (blue) the 13 newly-measured half-
lives, by employing the five distinct astrophysical trajecto-
ries ((1) Low Entropy (s =~ 50), Initial Electron Fraction
(Ye=0.27). [48] (2) High Entropy (s &~ 200), Initial Electron
Fraction (Y. = 0.3). [49] (3) Low Entropy (s =~ 30), Initial
Electron Fraction (artificially reduced to produce a main r-
process, A >120). [50] (4) Low Entropy (s = 10), Initial Elec-
tron Fraction (Y. = 0.05), with fission recycling. [51] (5) Low
Entropy (s ~ 10), Initial Electron Fraction (Y.=0.19). [48])
The experimental data were input if they are known, other-
wise the theoretical properties were employed (Nuclear Mass
(FRDM-2012 [47]) + Ty, and P, (FRDM+QRPA (2019)
[35]) + (n,y) rates (calculated based on FRDM-2012 [47]))The
black points represent the solar r-process abundance. [52]

network [53] which supports unique control over nuclear
physics inputs allowing for the variation of mass models,
half-lives and fission properties [54]. Network calcula-
tions were performed using a range of five distinct condi-
tions that could occur in an astrophysical environment
to produce a full abundance pattern out to the third
peak. Nuclear properties including nuclear masses, (-



decay half-lives, neutron-capture rates in our network
calculations, are predicted based on FRDM-2012 [47].
Experimental and evaluated data are used when avail-
able. In general, 8 decay rates, Ag, influence r-process
abundances Y along the r-process path through the
steady beta-flow condition (Ag(Z, Apasn)Y (Z, Apatn) =~
constant) in the early stage, and during the decay back
to stability in the late stages, while 5 decay competes
with neutron capture, see e.g. Ref. [55] and references
therein. The presently measured nuclei operate during
the second phase, as the r-process path proceeds back
to stability. Figure 6 shows the difference of calculated
r-process abundances with and without inclusion of the
thirteen newly-measured half-lives of this work. This fig-
ure demonstrates the important regional influence of our
newly measured half-lives compared to the baseline theo-
retical predictions. A quantitative discussion of improve-
ment to the solar isotopic pattern is not clear due to the
variation seen in this region among differing astrophysical
conditions. Instead, we report the average impact factor,
Favg ~ 4.86, and its standard deviation, o(F) ~ 1.22,
for the five astrophysical trajectories. The impact fac-
tor of this value indicates a strong local dependence on
the final abundances [49]. For some of the trajectories,
(1), (2), and (4), a tiny global effect up to the A = 195 r-
process peak is observed owing to material that is cleared
out from the second r-process peak [35, 47]. We also note
that conditions with fission recycling do not qualitatively
change this conclusion, as indicated by trajectory (5) in
Fig. 6.

In summary, our decay measurement campaign has
reached the furthest from the stability line, now beyond
N = 82 shell gap. The newly measured half-lives were
found to have an important local impact on the abun-
dances of the second (A ~130) r-process peak. The com-
parison with measured half-lives illustrates the perfor-
mance of various theoretical predictions, and indicates

that the order of orbitals, which is sensitive to the nu-
clear deformation in the transition region, have a large
impact on the calculated half-lives. The r-process cal-
culations here do not fully reproduce all the peaks in
the r-process abundance pattern. A more comprehensive
understanding of the r-process and its astrophysical sites
are still the goal we are continuing to pursue. Future
studies which probe more exotic neutron-rich nuclei will
aid in this endeavor.
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