PHYSICAL REVIEW LETTERS 129, 172701 (2022)
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The p-delayed one- and two-neutron emission probabilities (P}, and P,,) of 20 neutron-rich nuclei with
N > 82 have been measured at the RIBF facility of the RIKEN Nishina Center. P;,, of 3%-131Ag, 133.134C(,
135136 and '3%-139Sn were determined for the first time, and stringent upper limits were placed on P,, for
nearly all cases. f-delayed two-neutron emission (21) was unambiguously identified in '3*Cd and '3>136In,
and their P,, were measured. Weak 2n was also detected from '37-138Sn. Our results highlight the effect of
the N = 82 and Z = 50 shell closures on f-delayed neutron emission probability and provide stringent
benchmarks for newly developed macroscopic-microscopic and self-consistent global models with the
inclusion of a statistical treatment of neutron and y emission. The impact of our measurements on r-process
nucleosynthesis was studied in a neutron star merger scenario. Our P}, and P,, have a direct impact on the
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odd-even staggering of the final abundance, improving the agreement between calculated and observed
Solar System abundances. The odd isotope fraction of Ba in r-process-enhanced (r-II) stars is also better

reproduced using our new data.

DOI: 10.1103/PhysRevLett.129.172701

The nucleosynthesis of elements heavier than iron via the
rapid neutron-capture (r) process has been the subject of
intense studies since its mechanism was first proposed
[1,2]. In recent decades, remarkable progress has been
made on many fronts, including the advancement of
astrophysical simulations, the detection of multimessenger
events associated with gravitational waves, and observa-
tions of metal-poor stars in the Milky Way halo and in
ultrafaint dwarf galaxies [3-5]. In these contexts, the
second r-process abundance peak (with the mass number
A ~ 130) plays a crucial role. Recent observations of Te in
metal-poor stars by the Hubble Space Telescope [6—8] have
shown that the peak is produced along with the rare-earth
elements but with a larger variability across stars that is not
yet fully understood [9,10]. This is possibly linked to the
sensitivity of the peak to the r-process conditions or to
contributions from other nucleosynthesis processes
[11,12]. Observation of Te and Cs has been tentatively
reported in the near-infrared during the kilonova event
following neutron star merger GW 170817 [13]. Conclusive
data are likely to require future 30 m class telescopes [14]
that may provide invaluable new information on the second
r-process peak. Detection of other elements such as Sb, I,
and Xe may also be possible [13]. In addition, the next
generation of space observatories [15,16] may be able to
detect y rays from the radioactive decay of the peak’s
progenitors [17].

To connect the growing body of observations to astro-
physics models and ultimately derive the r-process
conditions, knowledge of the properties of the second
r-process peak radioactive progenitors is essential. The
peak has long been associated with the reduced neutron
capture cross sections of nuclei with neutron number
N = 82, which would cause such isotones to build up.
The r-process matter flow would then break out of the
N = 82 shell below atomic number Z = 50. Here, the
nucleosynthesis path involves unstable nuclei which decay
by p-delayed neutron emission (ffn)—a process where, due
to the large f-decay Q values, neutron-unbound states are
populated in the daughter nuclei. Following the exhaustion
of free neutrons, the r-process freezes out, and the second
peak originates from a complex network of competing
reactions including fn, neutron captures, and photodisin-
tegration reactions. Depending on the neutron richness of
the astrophysical environment, fission of heavy nuclei near
the end point of the r process (A > 260) will also contribute
to the second peak [18-20].

In this Letter, we report measurements of f-decay half-
lives and p-delayed one- and two-neutron emission

probabilities (P, and P,,) south-east of 3’Sn, reaching
the edge of r-process paths predicted by several r-process
models [21,22]. P,, in this region are key to model
accurately the A ~ 130 peak. Theoretical P,, value pre-
dictions show large discrepancies [23,24], and their reli-
ability is limited by the strong sensitivity to experimentally
unknown nuclear structure details such as masses, neutron
separation energies, f-decay strength distributions, and
densities of states. In addition, near the r-process path,
p-delayed multineutron emission channels are expected,
with competition between different channels posing an
additional modeling challenge. Relevant to the r-process
nucleosynthesis (Z > 28), only six strong f2n emitters
(P,, > 1%) have been measured to date [25-28], and only
one of them (!3*In) lies south-east of '32Sn [27]. Our data
provide new experimental inputs for r-process calculations
and a new testing ground for models required to predict P,
of r-process nuclei unreachable today.

Neutron-rich nuclei were produced by in-flight fission of
an ~50 pnA, 345 MeV /nucleon 2*U beam impinging on a
4 mm Be target. Fission fragments were separated using the
BigRIPS separator [29] and identified on an event-by-event
basis using energy loss, time-of-flight, and magnetic
rigidity information [30] before being implanted into the
stack of six highly segmented silicon detectors of the
Advanced Implantation Detector Array (AIDA) [31].
Figure 1 shows a particle identification plot of the
implanted ions.

AIDA was surrounded by two clover-type HPGe detec-
tors [32] and the BRIKEN neutron detector consisting of
140 3He proportional counters embedded in a high-density
polyethylene moderator [33,34]. The neutron detection
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FIG. 1. Particle identification plot of ions implanted in AIDA.
The black contour highlights the isotopes with P, measured for
the first time in this Letter. The heaviest isotope reported in this
Letter is labeled for each element.
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efficiency was carefully modeled using GEANT4
Monte Carlo simulations [34] and validated by measure-
ments of a 22Cf neutron source [35]. It is nearly constant
up to 1 MeV with an average value of 66.8(20)%, dropping
to about 59% at 3 MeV [33,36]. The systematic uncertainty
introduced by the unknown neutron spectra was estimated
as in Ref. [37]. Signals from all our detectors were recorded
by digital acquisition systems synchronized with BigRIPS
[31,38].

Implanted ions were correlated with electrons from
subsequent S decays on the basis of detection time and
position in the silicon detectors [39]. Neutrons were
correlated with f decays within a 400 us time window,
needed to account for the neutron thermalization. The
unbinned distribution of time differences between implan-
tations and correlated S decays with their associated
neutron multiplicity was fitted using the maximum like-
lihood method to determine simultaneously half-lives and
P, values. The fits employ probability density functions
that include a parent, all daughter’s activities, and neutron
background and consider the # and neutron efficiency of
the detector setup [33,40,41].

The P,, and P,, measured in this Letter are reported in
Table I. They are in good agreement with the literature
values for In isotopes, but large differences were found for
13L132Cd and 136:137Sn [42,43], also in the half-lives. Half-
lives from this Letter are generally consistent with the
previous measurements performed at RIBF [39,44],
although differences for '39Cd, 3'132In, and '3*136Sn of
<10% are not fully understood. The reason for these
differences can be related to the employed p-counting
systems.

P,, systematics are shown in Fig. 2, where an abrupt
increase of the P,, at N = 84 is observed for Cd, In, and Sn

TABLE 1.

isotopes. Such an increase of P, clearly correlates with the
sudden drop of neutron separation energy S, in daughter
nuclei beyond the N = 82 shell gap. The relatively small
Py, of Sn isotopes reflects the small Oy of these isotopes
relative to their lighter isotones. This is due to the Z = 50
proton shell closure. For Ag isotopes, a large P;, value
increase occurs at N = 83 ('3°Ag) rather than N = 84. This
behavior departs from the systematic trend highlighted
above and is somewhat unexpected considering that S, in
the daughter nucleus '3%Cd is rather large [6.06(2) MeV
[50]]. Further investigation, e.g., via neutron spectroscopy,
is needed to explain this behavior.

Our P,, and P,, were compared with the predictions of
two theoretical models, the quasiparticle random-phase
approximation (QRPA) [52,53] based on the micro-
scopic-macroscopic finite range droplet model (FRDM)
[54] and the relativistic Hartree-Bogoliubov (RHB) plus
proton-neutron QRPA (pnQRPA) [55]. The latest versions
of these models incorporate the treatment of the f-delayed
emission phase under the framework of the Hauser-
Feshbach (HF) statistical model with nominal level den-
sities [56-59]. We find that, for the In isotopes, the
inclusion of HF vastly improves model predictions that
would otherwise grossly overestimate the P,, /P, ratios.
However, for FRDM + QRPA + HF this is true only up to
133[n; the large drop for theoretical P;, in '*°In is not
observed experimentally. The reason for this is unclear; the
attempt to tune the level density of '33Sn was not sufficient,
as it showed that a modification of a few orders of
magnitude would be required to match our data. The
inclusion of the HF model improves to some extent the
predictions for Cd isotopes, but the calculations still fail to
reproduce the experimental values, while in Ag isotopes the
inclusion of HF worsens the predictions. In the case of the

p-decay half-lives, P;, and P,, measured in this Letter and reported in the literature. Literature half-lives are from Lorusso

et al. [44] unless stated otherwise. The nuclei with a possible mixture of # decays from ground and millisecond isomeric states are tagged

with an asterisk (*).

Nuclide 775 [ms] T, [ms] Py, [%] Py, [%] P, lit [%] Nuclide 775 [ms] T}, [ms] Py, [%] Py, [%] Py, lit [%]

9Ag*  53.6(13)  52(4) 18.6%07 <12 17.9(14) [23]  133p* 166(4) 163(7) 89(5) <12 90(3)% [45]"

130Ag  44(3) 42(5) 66(6) <5 134 127(2) 126(7) 8617 119432 89(3) [27]

Blag  35(5) 35(8) 1000 <6 . 1351 104(4) 103(5) 8812 9.3(1.3) ---

30cd 135(2) 127(2) 292) 0 3.0(2) [23] 136[n 90(10) 85+10 84(10)  13(5)

Blcd 100(2) 68(3) [42] 13571 <07 3.5(1)[42] 1349 1019(34)  890(20) 24.1(15) 0 17(13) [46]
98.0(2) 1355 514(30)  515(5) 20(2) <25 21(3) [47]

2cd - 825(9)  97(10) [42] 1000 <17  60(15) [42]  136sp 366(5) 300(15) [43] 185774 <037 27(4) [43]
82(4) 350(5)

13cd 61(6) 64(8) 86(7) 6(2) 1378n 231(7) 273(7) [43]  23(2) 0.45(24)  50(10) [43]

B4cd 3831 65(15) 65(26) <39 230(30)

Blps  278(7) 261(3) 293) 0 2.3(3) [48]°  1385p 15021) 14039 28(5) 1.8(13)

1321 214(8) 198(2) 122(12) < 1.6 12.3(4) [49]  139Sn 139(61)  130(60) 56(34) <86

*For the 9/2" ground state. Py, = 93(3)% for the 1/2~ isomeric state [45].

°P,, =9(2)% [27].

“For the combined 9/2% ground state and 1/2~ isomeric state. P, = 12(7)% for the 21/2" isomeric state [48].
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FIG. 2. Systematics of measured P;, and P,, compared with literature values [23,27,42,43,45-49,51] and theoretical calculations.

Sn isotopes, FRDM + QRPA systematically overestimates
Py, by nearly a factor of 3. RHB + pnQRPA + HF
performs better; however, it systematically underestimates
half-lives by about a factor of 5 and underestimates P,
values for N < 82. Therefore, in the following r-process
calculations, we use both models.

To understand the role of the measured P,, and their
impact in the astrophysical r process, we have carried out
reaction network calculations using the SkyNet [60] and
Nucnet [61] codes with reaction rates from the JINA
REACLIB V2.2 database [62]. f-decay rates were updated
with the P, values and half-lives from this Letter; neutron-
induced and spontaneous fission was considered as in
Ref. [63]. We chose r-process conditions compatible
with merging neutron stars [64] with entropy S? =
12kg /baryon, electron fraction Y2 = 0.062, and expansion
timescale 7 = 66 ms. These conditions (baseline calcu-
lation) were found to best reproduce the Solar System
abundance in the mass range A = 129-139, which is the
one most affected by our P, values.

The nuclear reaction flow during freeze-out for the
baseline calculation is shown in Fig. 3(a). One notices
that the progenitors for the elements of the second peak are
all pn emitters (produced by either neutron capture or
fission). Many such progenitors are included in our
measurements, and some of their P,, values are critical
to determine the pathway to stability of neutron-rich
material. For example, the abundance of '*°Te is produced
predominantly by a fn flow from *!Ag, the P, value of
129A¢g affects the flow to !**Te, and '3?Xe receives a large
contribution from the pn of '3*Cd and '¥In. '3Cs is
critically affected by the pn flows from '*In, '3In, and

134Cd. The P,, values for these isotopes are now exper-
imentally known. Among the isotopes affected by our data,
128.130T¢, 133Cs, and '3Xe are particularly important,
because they are exclusively produced in the r process,
so their abundance uncertainty is small.

To quantify the impact of our experimental P,,, values on
the final abundances, we compared the abundances pro-
duced by our baseline simulation to those of three other
calculations where the P,, values of interest are set
to the values predicted by the FRDM + QRPA + HF,
RHB + pnQRPA + HF models, and the effective density
model (EDM). The latter is a phenomenological multiple-
neutron emission model based on a level density function
with parameters empirically determined from existing
experimental data [66]. The resulting final abundances
and their corresponding changes relative to the baseline
calculation are shown in Figs. 3(b) and 3(c). Differences of
up to 30% are found when using the theoretical P,, values.
The shadowed area provides an estimate of the r-process
calculation uncertainty removed by our measurement.
Notably, when FRDM + QRPA + HF values are used,
the odd-even staggering beyond mass A = 132 is less
pronounced. This is mainly due to the model overestima-
tion of P, values for Sn isotopes (see Fig. 2). The
calculations above were repeated over the large parameter
space Y, = 0.005-0.062 suitable to produce nuclei in the
mass range A = 129-139. In this Y, range, the r-process
abundance pattern is formed robustly and the odd-even
pattern does not change; hence, we consider our conclusion
on the role of our measurements robust.

The impact of the new measurements on the odd-
even abundance pattern can also be tested against Ba
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FIG. 3. (a) Time-integrated reaction flows during r-process
freeze-out. The flows from fission reactions are marked with solid
red circles with size proportional to their strength. The flows of
other reactions and f decays are indicated by arrows weighted by
their strength. The enclosed red line indicates the nuclear region
of interest in this Letter. Stable isotopes are indicated as gray-
filled squares, with those produced only by the slow neutron-
capture process and the r process are tagged as “s” and “r,”
respectively. (b) Calculated r-process abundances using P;, and
P, from this Letter and from theoretical models (solid lines). A
calculation with P, = O (black dash) is reported to identify the
abundances most affected by pn. Solar abundances [65] are
shown as black circles. (c) Abundance changes Ae (in percent)
for different models relative to the baseline calculation and
combined as gray bands.

observations in r-process-enhanced metal-poor stars.
Differences in the hyperfine structure splitting among Ba
isotopes allow the determination of odd-mass Ba isotope
abundances relative to the total Ba abundance (f,4q.5,) [67].
fodaBa 18 an important indicator of isotopic composition,
useful in characterizing the relative contribution of r- and
s-process abundances. Figure 4 shows the f4q , measured
in five r-II stars with a strongly enhanced r process [68]

0.8 77] Theoretical
06k / | / Experimental
. + Y CS29491-069
%04 + * A HE 1219-0312
«3 ® HE 2327-5642
024 solar M HE 22524225
... Sprocess
*  CS31082-001
00730 29 28 27 26 25

[Fe/H]

FIG. 4. Odd-mass Ba isotopic fraction f,4qqp, for five r-
process-enhanced stars (r-1I) labeled with their names [68,69]
compared to f,qq 5, calculated using experimental P,,, (red band)
and a range of f 44, calculated using P,, predicted by the three
models considered in this Letter (shaded area), with FRDM +
QRPA + HF resulting in the upper limit and RHB + pnQRPA +
HF in the lower one. f,4qp, for solar (dashed line) and pure
s-process (dash-dotted line) abundances [70]. The metallicity
[Fe/H] is defined as the logarithm of the iron-to-hydrogen
number density ratio normalized to that of the sun.

along with the value calculated using experimental P, (red
band). The figure also shows the range of f,4q 5, calculated
using P,, predicted by the three models considered in this
Letter (shaded band). The comparison illustrates that the
use of experimental P, leads to a more accurate odd-even
abundance reducing the uncertainty in r-process calcula-
tions. Note that f,q4qp, in the Solar System has a large
uncertainty due to s-process contaminants, especially in
138Ba. The Ba abundance in metal-poor stars is, therefore,
an important complementary test of the odd-even pattern in
this mass range.

In summary, we have carried out the measurement of 20
p-delayed neutron emission probabilities for isotopes of
Ag, Cd, In, and Sn beyond the N = 82 shell closure,
reporting eight new Py, five new P,,, and P,, upper limits
for all 20 of the nuclei studied. The new measurements
provide a new picture of P, systematics crossing the N =
82 and Z = 50 shells that includes for the first time Ag and
extends significantly our knowledge of Cd, In, and Sn. Our
P, for 131132Cd and '*%137Sn are at variance with previous
data. The new measurements provide a new experimental
ground to test nuclear models, with P,, being particularly
important to test the Hauser-Feshbach model of competi-
tion between f-delayed emission channels. Disagreements
with theoretical models highlight the importance of exper-
imental measurements. The new data have a direct impact
on r-process calculations, removing up to nearly 30% of
uncertainty deriving from theoretical models and improv-
ing the agreement with both the Solar System and metal-
poor r-process-enhanced star abundances. This is an
important new step forward toward a more reliable
description of the second abundance peak and of key
elements such as Te, Cs, and Ba. Isotopes with two
neutrons beyond the limit of this experiment are the next
milestone for the study of P,, in this region, likely to
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complete the set of P,, needed to model the second
r-process peak. The observation of isotopes with fs,
emission is also of great interest.
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