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The β-decay half-lives of 108 neutron-rich isotopes of the elements from 37Rb to 50Sn were mea-
sured at the Radioactive Isotope Beam Factory (RIBF). The 41 new half-lives follow robust sys-
tematics and highlight the persistence of shell effects. The new data have direct implications for
r-process calculations and reinforce the notion that the second (A ≈ 130) and the rare-earth-element
(A ≈ 160) abundance peaks may result from the freezout of an (n, γ) ⇄ (γ, n) equilibrium. In such
equilibrium, the new half-lives are likely to determine the abundance of rare-earth elements, allowing
for a more reliable discussion of the r-process universality. It is anticipated that universality may
not extend to the elements Sn, Sb, I, and Cs, making the detection of these elements in metal-poor
stars of the utmost importance to determine the exact conditions of individual r-process events.

Introduction.—The origin of the heavy elements from
iron to uranium is one of the main open questions in
science. The slow neutron-capture (s-) process of nucle-
osynthesis [1, 2], occurring primarily in helium-burning

zones of stars, produces about half of the heavy element
abundance in the universe. The remaining half requires a
more violent process known as the rapid neutron-capture
(r-) process [3–5]. During the r-process, in environments
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of extreme temperatures and neutron densities, a reac-
tion network of neutron captures and β decays synthe-
sizes very neutron-rich isotopes in a fraction of a sec-
ond. These isotopes, upon exhaustion of the supply of
free neutrons, decay into the stable or semistable iso-
topes observed in the solar system. However, none of
the proposed stellar models including different stages
of core-collapse supernovae [6–11] and merging neutron
stars [12–15] can fully explain abundance observations.
The mechanism of the r-process is also uncertain. At
temperatures of one billion degrees or more, photons can
excite unstable nuclei which then emit neutrons, thus
counteracting neutron captures in an (n, γ) ⇄ (γ, n)
equilibrium that determines the r-process. These con-
ditions are expected in neutrino-driven wind environ-
ments that include the collapse of a supernova core and
the accreting torus formed around the black hole rem-
nant of neutron star mergers. Alternatively, recent r-
process models have shown that the r-process is possible
also at lower temperatures or higher neutron densities
where the contribution from (γ, n) reactions is minor.
These conditions are expected in supersonically expand-
ing neutrino-driven outflow in low-mass supernovae pro-
genitors (e.g., 8-12 M⊙) or prompt ejecta from neutron
star mergers [16]. The final abundance distribution may
also be dominated by post-processing effects such as fis-
sion of heavy nuclei (A & 280) possibly produced in neu-
tron star mergers [17].
New clues about the r-process have come from the dis-

covery of detailed elemental distributions in some metal-
poor stars in the halo of our galaxy [18, 19]. A main con-
clusion of these observations is that the abundance pat-
tern of the elements between barium (Ba, proton number
Z = 56) and hafnium (Hf, Z = 78) is universal. Recent
observations by the Space Telescope Imaging Spectro-
graph on board of the Hubble Space Telescope [20, 21]
indicate that also tellurium (Te, Z = 52) is robustly pro-
duced along with the rare earth elements.
Nuclear physics properties such as β-decay half-lives

and masses are key to predict abundance pattern and
extract signatures of the r-process from a detailed com-
parison to astronomical observations [22]. This is spe-
cially true when (n, γ) ⇄ (γ, n) equilibrium is estab-
lished. Otherwise, (n, γ) cross sections or fission proper-
ties may very well be responsible for the main abundance
observations. In this letter we report on the half-life
measurement of 108 unstable nuclei with proton num-
ber Z ≤ 50 and neutron number N ≈ 82. These nuclei
are key in any r-process mechanism [22] because their
enhanced binding bends the r-process path closer to sta-
bility slowing down the reaction flow – the flow has to
wait at the slowly decaying species. The half-lives of
these waiting-point nuclei determine the time scale of the
r-process and shape the prominent r-process abundance
peak of isotopes with A ≈ 130. The precise theoreti-
cal prediction of these half-lives is challenging because
the structure evolution of N ≈ 82 is still unknown de-
spite the recent experimental efforts [23–28]. The data

we present in this letter serve also as important constrain
to probe and improve nuclear models in this region.
Experimental procedure.—The nuclei of interest were

produced by fission of a 238U beam induced through col-
lisions with a beryllium target. The U beam had an
energy of 345A MeV and an average intensity of about
6×1010 ions/s. After selection and identification, exotic
nuclei were implanted at a rate of 50 ions/s in the stack of
eight double-sided silicon strip detectors WAS3ABi [29],
surrounded by the 84 high-purity germanium detectors
of the EURICA array [30] to detect γ radiation from
the excited reaction products. The particle identification
spectrum of the isotopes delivered to the decay station is
shown in Fig. 1. Implanted ions and subsequent electrons
emitted in the ions’ β decays were correlated in time and
position to build decay curves and extract half-lives us-
ing the analysis method detailed in Ref. [31].
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FIG. 1: (color online) Particle identification spectrum [32].
Ions are identified with respect to proton number Z and the
mass-to-charge ratio A/Q. Charge state contamination is sig-
nificant but well separated in A/Q for the nuclei of interest.
Nuclei with newly measured half-lives are on the right side
of the red solid line. The heaviest masses for which half-lives
can be measured are tagged for reference by red circles. The
half-lives reported in this article are for the elements from Rb
to Sn.

Results and discussion.— The resulting half-life mea-
surements are illustrated in Fig. 2, compared with pre-
vious measurements and with the predictions of several
theoretical models. The experimental half-lives follow
very regular trends, as expected phenomenologically in
nuclei with large Q values [33], but with the noticeable
feature that the odd-even staggering of half-lives is signif-
icantly weakened crossing the N = 82 shell gap. This is a
signature of the shell-structure of atomic nuclei and of the
neutron-neutron pairing interaction, which is stronger in
N ≤ 82 nuclei (valence neutrons in the h11/2 orbit) than
in N > 82 nuclei (valence neutrons in the f7/2 orbit).
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FIG. 2: (color online) β-decay half-lives determined in this work (solid circles) for a number of isotopic chains as a function of
neutron number, compared with previous results [34] (open triangles) and the predictions of the models FRDM+QRPA (blue),
KTUY + GT2 (green), and DF3+CQRPA (magenta) when available.

It is also clear that crossing the large N = 82 shell gap
does not produce discontinuities in the half-life trends.
These systematics, partially obscured in previous litera-
ture data probably by systematic errors, are now firmly
established for In, Cd, Ag, and Pd isotopes, and can be
interpreted by QRPA calculation as in Refs. [35–37]. In
N > 82 nuclei, the g.s. to g.s. transition νf7/2 → πg9/2
is a first forbidden (ff) decay, and the GT transition
νf7/2 → πf5/2 is largely blocked by the almost com-
plete occupancy of the πf5/2 orbital. The main GT-decay
branch is νg7/2 → πg9/2, which populates excited states
of daughter nuclei. Thus, the isobaric mass difference
is not directly reflected in the Q value available for β
decay. The half-life trends of In, Cd, and Ag isotopes
agree very well with the DF3+CQRPA model predic-
tions [37], which are applicable for nearly-spherical nu-
clei – In, Cd, and Ag isotopes are indeed expected to be
spherical, based on several mass models. The agreement
worsens for non closed-shell isotopes of lighter elements,
suggesting that deformation in these isotopic chains is not
negligible. The data presented here is important for the
future development of the DF3+CQRPA model and its
extention to non-spherical nuclei. Discrepancies by fac-
tor 3–4 between experimental half-lives and predictions
of global models such as FRDM+QRPA [38] already ob-
served for the more stable isotopes, persist further from

stability. However, the general trend of FRDM+QRPA
and experimental values is very similar, despite a system-
atic overestimation. This suggests a continuity of mass
and decay properties between the studied nuclei and the
previously known less exotic ones. Based on this compar-
ison to theoretical models, we conclude that the data pre-
sented here show no evidence of nuclear structure changes
capable to modify the gross properties of the nuclei we
have studied. The sudden drop of half-lives observed of
the KTUY+GT2 calculations [39, 40] when crossing of
the N = 82 shell is not observed in the data. Since the
Qβ values predicted by the KTUY and DF3 mass models
are very similar, our data indicate a failure of the second
generation of gross theory (GT2) employed to calculate
half-lives rather than to the KTUY mass model.
The half-lives of the N = 82 nuclei are of particu-

lar interest to probe shell model calculations. The ten-
dency to overestimate the half-life of 129Ag reported in
Refs. [41, 42], persists in the more exotic nuclei 128Pd
and 127Rh (see Tab. I). However, in these calculations,
the quenching factor of the GT operator (q = 0.66) was
chosen to reproduce the half-life of 130Cd (162±7 ms)
reported in Ref. [43], which is longer than the one re-
ported here (127±2 ms). The new N = 82 half-lives re-
veal that the calculated values are systematically longer
by a nearly constant factor, with the only exception of
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131In. Assuming that the decay of N = 82 nuclei was
dominated by GT transitions [42], such a constant factor
could be approximately accounted by a different choice of
the GT quenching factor. The value q = 0.75 extracted
in this way agrees with the systematics of pf -shell nu-
clei [44] and neutron-deficient nuclei [45]. However, the
new half-lives clearly indicate that the proton-hole nu-
cleus 131In is not following the trend expected from the
shell-model calculations, an observation that calls for fur-
ther investigation.

TABLE I: Comparison of the present N = 82 half-lives with
previous measurements and the shell model calculations in
Ref. [42].

Nucleus
Half-Life (ms)

This work Previous Shell Model

131In 261(3)* 280(30) [46] 247.53

130Cd 127(2)** 162(7) [43] 164.29

129Ag 52(4) 46+5

−9 [47] 69.81

128Pd 35(3) 47.25

127Rh 20+20

−7 27.98

*T1/2 gated on γ-ray energy 2434 keV, **T1/2 gated on
γ-ray energies 451, 1669, and 1171 keV

Nucleosynthesis calculations.—The implications of the
new half-lives for the r-process were investigated by con-
ducting a fully dynamic reaction-network calculation [48]
study that simulated a spherically-symmetric outflow
from a neutron-rich stellar environment. The time evo-
lution of matter density followed an early rapid expo-
nential expansion with timescale τ and a later free ex-
pansion with a longer timescale approaching a constant
velocity [49]. The initial proton-to-neutron ratio was
set through the electron fraction Ye, which, for mat-
ter consisting only of free neutrons n and protons p, is
Ye = p/(n+p). In case of exploding stars, different mass
zones (a star’s layers of different density) have different
initial entropy S, so that an explosion was simulated as a
superposition of entropy components as in Refs. [50, 51].
Given the large uncertainties in current stellar hydrody-
namical simulations, none of the above parameters was
fixed to specific values. We choose instead to use a site-
independent approach, where Ye, τ , and S are free pa-
rameters determined by fitting the calculated abundance
pattern to the observed solar one. This approach has
proven to be valuable to study the underlying physics
of the r-process and, avoiding assumptions on the as-
trophysics site, the extracted r-process path is defined
from the new experimental nuclear physics data and
the abundance observations. The parameter space ex-
tracted in this way for the KTUY mass model was
Ye=0.30(5), τ=80(20) ms, and Smax >400 (S in units
of kB baryon−1). This space was strongly determined
by the A ≈ 130 peak, which is very sensitive to the

r-process conditions. As an example, Fig. 3 shows the
sensitivity of the r-process calculations to the parameter
τ , for a fixed Ye = 0.3. Given the parametrized astro-
physical conditions, any confrontation between the re-
sulting parameter space and the r-process site is clearly
risky. However, since Ye as low as Ye = 0.3 have been re-
cently realized in supernovae calculations [52], and since
the limit Smax ≈ 100 obtained in hydrodynamical simu-
lations of supernova explosion is still uncertain, the pa-
rameter space extracted in this study is indeed compati-
ble with high entropy ν-driven wind in core-collapse su-
pernovae models. The features of the resulting r-process
were very similar to the reported in Ref. [51], which is
an in-depth study of the model. Calculations were also
carried out in the parameter space resulting from the
merging neutron stars calculation of Ref. [14]. In this
case, the r-process is a superposition of Ye components
in the range Ye = 0.1− 0.4 and of entropy S ∼ 20.

Implications for the r-process.—The impact of the

Mass number A

120 125 130 135 140 145

S
o

la
r 

s
y
s
te

m
 a

b
u

n
d

a
n

c
e

­110

1

solar
 = 40 ms0τ

 = 80 ms0τ

 = 150 ms0τI

Te

Te

Sn

Sb
Sn

Sb

Sn

Te

Xe

Te

Xe

Xe
Ce

Xe
Ba

Xe
Ba

Ba

La

Ce
Pr

Ce

Nd

Nd

Nd

;H

&V

VRODU

X� ����PV

X� ����PV

X� �����PV

FIG. 3: (color online) Comparison between the solar r-process
abundance distribution and reaction-network abundance cal-
culations for different values of the expansion time τ .

new measurements on the calculated solar-abundance
pattern is illustrated in Fig. 4, where two calculations
are compared that differ only by the half-lives measured
in this work. All the other nuclear structure data, as
well as the astrophysics conditions, were the same. The
new half-lives have a global impact on the calculated r-
process abundances, and alleviate the underproduction of
isotopes just below and above the A ≈ 130 peak, which
in the past required the introduction of shell-structure
modifications [54–56]. A particularly beneficial effect of
the new half-lives of the most neutron-rich isotopes of Ag,
Cd, In, and Sn (N > 82), is to greatly improve the de-
scription of the abundance of rare earth elements, which
is a prerequisite to study the universality of the r-process.
The abundances of these elements are in fact coherently
matching solar system and metal-poor stars.
The reduced nuclear physics uncertainty provides a

new level of reliability for r-process calculations and their
parametrized astrophysical conditions. In our calcula-
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tions, the A ≈ 130 and the rare earth elements peaks
are produced mostly in (n, γ) ⇄ (γ, n) equilibrium, in
agreement with Ref. [51]. Thus, the large beneficial im-
pact of the experimental half-lives on r-process calcu-
lations supports the notion that the observed r-process
abundance pattern may indeed result from the freezout of
an (n, γ) ⇄ (γ, n) equilibrium. When using the FRDM
mass model in the same astrophysical conditions, the r-
process path moves to slightly more neutron-rich nuclei,
but when calculations are fit to the solar abundance, they
result in slightly different astrophysical conditions, which
partially compensate the r-process path differences due
to the different mass models. The effects of the new half-
lives in the r-process calculations using KTUY, FRDM,
and the HFB-14 mass models are very similar.
The solar system abundance pattern shown in Fig. 4

comprises contributions from many r-process events ac-
cumulated over time and consequently certain features
may be averaged out. In contrast the photospheres of
metal poor stars display the output of individual or very
few r-process events since they belong to the earlier gen-
eration of stars. As mentioned in the introduction, recent
observations for a number of metal poor stars demon-
strated a robust production of Te [20, 21]. To study
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FIG. 4: (color online) Comparison between the r-process
solar-system abundance pattern [17] and the abundances cal-
culated (a) without and (b) with our new half-lives. In
both calculations we input masses from the KTUY mass
model [39] and reaction rates from the ReaclibV1 library [53].
The half-lives other than the ones we measured are from the
FRDM+QRPA model [38].

whether this finding implies the robustness of physical
conditions in the r-process site we calculated elemental
abundances for a range of parameters τ = 10 − 300 ms,
corresponding to different r-process conditions (different
stars). As shown in Fig. 5, in all cases Te is indeed ro-
bustly produced in agreement with observation. Note,
however, in the case of Te several stable isotopes are pro-
duced by the r-process. Although different r-process con-
ditions shift the A 130 peak of the isotopic abundance
distribution (compare Fig. 3) causing variations in the
abundances of the different isotopes, these effects cancel
each other leading to a robust elemental abundance of
Te. However, the situation is different for the odd-Z el-
ements I and Cs that only have one stable isotope (127I
and 133Cs) and for Sn that lies on the tail of the peak.
In these cases the elemental abundances retain their sen-
sitivity to the r-process conditions. We conclude that (i)
the robustness of Te is hardly connected to the robust-
ness of the r-process conditions and (ii) the robustness
of Te has a different nature than the one of rare earth
elements, whose robustness was found also at the level of
isotopic abundance distributions. Furthermore (iii) the
elements Sn, Sb, I, Cs in metal-poor stars are indeed sen-
sitive to the r-process conditions, and consequently the
detection of these elements could provide new stringent
constraints on individual r-process events.
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21], in the solar system, and calculated for a range of r-process
conditions. All abundance distributions are normalized to the
element Eu.

In the case of calculations for merging neutron stars,
the impact of the new half-lives was found to be very
small because the very short expected expansion time
(τ ∼ 10 ms) drove the r-process path into very exotic
regions. A larger, but nevertheless modest impact was
found in case of larger expansion times (τ > 100 ms),
which is relevant for the r-process in the accretion disk
around the black-hole remnant of binary neutron stars or
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neutron star–black hole merger [57].
Conclusions.—The present study extends the limits of

known β-decay half-lives to nuclei deep into the r-process
path predicted for some of the most promising r-process
sites such as ν-driven wind in core-collapse supernovae.
The study demonstrates the persistence of shell effects
and a robust half-lives systematics. The comparison to
predictions of theoretical models shows no evidence of
structural changes capable of modifying substantially the
gross properties of the nuclei studied. Reaction-network
calculations based on the new data reinforce the notion
that the r-process abundance pattern could result from
the freezout of an (n, γ) ⇄ (γ, n) equilibrium, and high-
light the remarkable value of abundance observations in
metal-poor stars and in particular of Te and the other el-
ements contributing to the A ≈ 130 r-process peak. The
sensitivity of these elements to the r-process conditions
may enable metal-poor stars observations to identify the
exact conditions that triggered an individual r-process

event.
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[2] F. Käppeler, R. Gallino, S. Bisterzo, and W. Aoki, Rev.
Mod. Phys. 83, 157 (2011).

[3] F. Hoyle, W. A. Fowler, G. R. Burbidge, and E. M. Bur-
bidge, Science 124, 611 (1956).

[4] J. J. Cowan, F.-K. Thielemann, and J. W. Truran, Phy.
Rep. 208, 267 (1991).

[5] M. Arnould, S. Goriely, and K. Takahashi, Phys. Rep.
450, 97 (2007).

[6] S. E. Woosley and R. D. Hoffman, Astrophys. J. 395,
202 (1992).

[7] K. Takahashi, J. Witti, and H.-T. Janka, Astron. Astro-
phys. 286, 857 (1994).

[8] C. L. Fryer, F. Herwig, A. Hungerford, and F. X.
Timmes, Astrophys. J. 646, L131 (2006).

[9] S. Wanajo, M. Tamamura, N. Itoh, K. Nomoto, Y. Ishi-
maru, T. C. Beers, and S. Nozawa, Astrophys. J. 593,
968 (2003).

[10] A. G. W. Cameron, Astrophys. J. 562, 456 (2001).
[11] C. Winteler et al., Astrophys. J Lett. 750, L22 (2012).
[12] J. A. Faber and F. A. Rasio, Living Rev. Relativ. 15, 8

(2012).
[13] O. Korobkin, S. Rosswog, A. Arcones, and C. Winteler,

Mon. Not. R. Astron. Soc. 426, 1940 (2012).
[14] S. Wanajo et al., Astrophys. J Lett. 789, L39 (2014),

1402.7317.
[15] C. Freiburghaus, S. Rosswog, and F.-K. Thielemann, As-

trophys. J. 525, L121 (1999).
[16] S. Wanajo, Astrophys. J. 666, L77 (2007).
[17] S. Goriely, Astron. Astrophys. 342, 881 (1999).
[18] H. R. Jacobson and A. Frebel, J Phys. G Nucl. Partic.

41, 044001 (2014).
[19] C. Sneden, J. J. Cowan, and R. Gallino, Annu. Rev. As-

tron. Astr. 46, 241 (2008).
[20] I. U. Roederer et al., Astrophys. J. 747, L8 (2012).
[21] I. U. Roederer et al., Astrophys. J Suppl. S 203, 27

(2012).
[22] A. Arcones and G. Mart́ınez-Pinedo, Phys. Rev. C 83,

045809 (2011), 1008.3890.
[23] H. Watanabe et al., Phys. Rev. Lett. 111, 152501 (2013).
[24] H. Wang et al., Phys. Rev. C 88, 054318 (2013).
[25] H. Watanabe et al., Phys. Rev. Lett. 113, 042502 (2014).
[26] J. Taprogge et al., Phys. Rev. Lett. 112, 132501 (2014).
[27] A. Jungclaus et al., Phys. Rev. Lett. 99, 132501 (2007).
[28] I. Dillmann et al., Phys. Rev. Lett. 91, 162503 (2003).
[29] S. Nishimura, Progr. Theor. Exp. Phys. 2012, 03C006

(2012).
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