133In: A Rosetta Stone for decays of r-process nuclei
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The § decays from both the ground state and a long-lived isomer of **3In were studied at the
ISOLDE Decay Station (IDS). With a hybrid detection system sensitive to 8, v, and neutron
spectroscopy, the comparative partial half-lives (logft) have been measured for all their dominant
[-decay channels for the first time, including a low-energy Gamow-Teller transition and several
First-Forbidden (FF) transitions. Uniquely for such a heavy neutron-rich nucleus, their 8 de-
cays selectively populate only a few isolated neutron unbound states in '*3Sn. Precise energy and
branching-ratio measurements of those resonances allow us to benchmark (-decay theories at an
unprecedented level in this region of the nuclear chart. The results show good agreement with the
newly developed large-scale shell model (LSSM) calculations. The experimental findings establish
an archetype for the 8 decay of neutron-rich nuclei southeast of '*2Sn and will serve as a guide for
future theoretical development aiming to describe accurately the key 8 decays in the rapid-neutron
capture (r-) process.

Introduction— The rapid-neutron capture (r-) process
is responsible for the creation of half of the heavy ele-
ments in the universe [1, 2]. Many stable nuclei present
today are decay products of the very short-lived nuclei
produced in extreme environments such as neutron star
mergers or supernovae [3, 4]. Most of these progenitor
nuclei have large neutron-to-proton ratios, and state-of-
the-art nuclear research facilities cannot produce samples
in sufficient quantities for experimental work. Yet, mea-
sured elemental abundance in stars cannot be explained

without knowing their decay properties including half-
lives T/ and (-delayed neutron-emission probabilities
P, [5-7]. Modern nuclear theories were developed to
predict these quantities for radioactive isotopes far from
their stable counterparts [8—12]. To verify those models,
experimental efforts were carried out continuously pursu-
ing those gross decay properties of isotopes close to the
r-process path [13-19]. Due to the complicated nature of
those decays far off stability, the agreement with model
predictions can be ambiguous, i.e., theories may arrive



at a similar gross property for a single isotope using dif-
ferent footing. In addition, it is generally hard to find
conclusive answers on how to improve the theories when
a discrepancy emergies. Thus, it is desirable to measure
the observables capable of benchmarking $-decay calcu-
lations on a more fundamental level. In this Letter, we
report a 3-decay strength measurement of 33In (Z = 49,
N = 84), a nucleus close to many r-process nuclei south-
east of 132Sn (Z = 50, N = 82), see Fig. 1. We examined
decays from both the ground state (}*39In) and the iso-
mer (133In) via B-delayed + and neutron spectroscopy,
demonstrating as a textbook example the interplay be-
tween allowed Gamow-Teller (GT) and First-Forbidden
(FF) transitions in extremely neutron-rich nuclei near
the r-process path. Thus, our measurement must be
accounted for by the models used to predict the decay
properties of the r-process nuclei.
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FIG. 1. (Top) Chart of nuclei centered on '**In (red star).
The label hw refers to the harmonic-oscillator shells around
13281, The r-process path is taken from Ref. [20]. (Bottom)
Proton and neutron single-particle (s.p.) diagram with dom-
inant A-decay channels in '339In and '**™In. Red and gray
arrows represent GT and FF transitions respectively.

In the nuclear shell model [21, 22|, the doubly magic
1328n arranges protons (7) and neutrons () respectively
into the closed 3hiw and 4hw major shells, see Fig. 1. To
the southeast of 32Sn, where '33In resides, the proton
Fermi surface is near the mgg /o orbital (3iw) whereas neu-
trons start filling the 5hw shell above N = 82, generating

large 2hw asymmetry between the proton and neutron
Fermi surfaces. Since mgyg /5 is partially occupied, the GT
transformation vgr /o, — mgg 2 (the red arrow in Fig. 1)
is expected to be strong. Other competing GT channels
have to induce proton excitation across the Z = 50 shell
(e.g., vg7/2 — mg7/2) and thus are much less favorable en-
ergetically. Consequently, the vgr/5 — mgg /2 transforma-
tion is the single dominant decay channel in the majority
of nuclei in this region. Besides, a few FF transitions
contribute significantly to the ([-decay rates by involv-
ing neutron and proton orbitals with opposite parities
near the Fermi surface (the gray arrows in Fig. 1, e.g.,
vhyijs — mggs2). The proximity of 133In to the '32Sn
core reduces the number of active nucleons and the de-
grees of freedom in the decay process, making it an ideal
ground to validate nuclear theories. On the other hand,
the extreme neutron excess (N —Z=35) and large Qg en-
ergy window (>13 MeV) give 133In more complete access
than nearby nuclei, such as 3'In (Z = 49, N = 82) and
1338n (Z = 50, N = 83), to the dominant 3-decay chan-
nels that are responsible for the gross decay properties
in the region. Overall, the unique combination of a large
variety of decay modes and simple representation makes
133In a perfect study-case nucleus, or a Rosetta Stone,
to understand how the r-process nuclei decay near the
neutron N = 82 shell closure.

We studied the 3 decay of !33In using the neutron
time-of-flight (TOF) technique in combination with
high-resolution ~-ray spectroscopic system. The § decay
mostly populated neutron-unbound states in 33Sn,
which promptly decayed to '32Sn via neutron emission
[23-25]. If the neutron emission feeds an excited state
in 132Sn, the nucleus will also undergo 7 decay(s) to the
ground state. Although several groups have conducted
spectroscopic studies of 133Sn in the past [23, 24, 26-28],
the knowledge of states above the neutron separation
energy was scarce due to either the weak production rate
or inefficient neutron detection. By taking advantage
of neutron and ~ spectroscopy measured in coincidence
with B decay, we revealed for the first time all the
dominant -decay transitions in '33In above the neutron
separation energy. Owing to selective laser ionization
of the 133In samples [24], the decays from the 9/2T
ground state (139In) and the 1/2~ isomer (13*™In) were
separated unambiguously. The simple structure of '33Sn,
the B-decay selection rules, and the laser ionization all
together allowed us to achieve a superior precision mea-
surement. In addition, we used the new observation to
benchmark large-scale shell-model (LSSM) calculations.
The new measurement provides valuable insights into
understanding the 8 decays of r-process nuclei.

Ezxperiment and result— The Isotope Separator On-
Line (ISOLDE) facility at CERN [29] and Resonance ITon-
ization Laser Ton Source [30] produced the isotopes of in-
terest. Through the General Purpose Separator (GPS)
[29], the beams were brought to the ISOLDE Decay Sta-
tion for S-decay measurements. The neutron TOF spec-



tra measured in coincidence with the 8 decay of '33In are
presented in Fig. 2, with Fig. 2(a) corresponding to the
pure ground-state decay and Fig. 2(b) to an admixture
of ground-state (40%) and isomeric decays (60%). Those
neutrons were emitted from the neutron-unbound states
in 133Sn after being populated in the 3 decay. Neutron
emissions may leave the residual *2Sn nucleus in an ex-
cited state. However, we did not observe any of the strong
neutron peaks in Fig. 2 coinciding with the 32Sn ~ de-
cay, see Fig. 2(c), implying strong direct ground-state
feedings in the neutron emissions. The spectra are fitted
by a neutron response function (magenta) consisting of
18 and 13 peaks in 1339In (blue) and '33™In (red) de-
cays, respectively. We extracted the excitation energies
(Eez) and decay probabilities (Ig) of individual states
from the fitting result. The full details of the experimen-
tal setup, data analysis, and the list of neutron unbound
states identified in 133Sn are presented in Ref. [31].
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FIG. 2. Neutron TOF spectra taken in coincidence with the
1331n B decays, with (a) corresponding to the pure ground-
state decay and (b) to an admixture of ground-state (40%)
and isomeric decays (60%). The inset (c) shows the ground-
state spectrum in coincidence with the 4041-keV v decay in
1328n. On top of the background (dashed line), the spectra
are fitted by the neutron response functions (magenta) con-
sisting of 18 (blue) and 13 (red) peaks in the ground-state
and isomeric decays, respectively.

The main achievement of this work is the observation
and quantification of the f-decay channels in '339™In.
The strongest transitions are mediated by transforming
a neutron from inside the N = 82 core to a proton on
either mgg/o (ground-state decay) or 7p;/, (isomeric
decay), leaving the proton Z = 50 shell closed and two
neutrons outside N = 82 coupled to a spin-zero pair,
see Fig. 1. We refer to the '33Sn states so populated as
v2p-1h (neutron two particle one hole) states hereafter.
Using the analysis methodology detailed in Ref. [31], we
identified four such states, including the 11/2~ (Vhl_ll/Q)

state at 3.564(1) MeV [24], the 3/2+(1/d;/12) state at

3.62(2) MeV, the 1/2+(us;/12) state at 3.79(2) MeV, and
the 7/2+(Vg;/12) state at 5.93(9) MeV (the superscript of
an orbital indicates occupation number, being positive
for particles and negative for holes). Our experiment
observed most of these states for the first time, the
sole exception being the 11/27 state [23, 24, 28]. We
extracted comparative partial half-lives (logft) for those
transitions. The logft values quantify the strength of
a given [-decay transition and correlate to the g-decay
strength as Sz = 1/ ft [32], where f is the Fermi function
[33] for the electron distribution feeding a given state
and t = T/p/Ip is the partial half-life of a transition
with Iz probability. From the 9/2% ground state, the
logft to the 11/27 and 7/2% states are 5.7(1) and
4.7(1), respectively. From the 1/27 isomer, the logft
values to the 3/2%7 and 1/2% states are 5.4(1) and
5.8(1), respectively. Based on the constraints imposed
by B-decay selection rules, the 7/2% state was populated
via a GT transition, whereas the other three states
were fed by FF transitions. These assignments are in
line with the systematics gleaned from the logft values
mentioned above [34].

Comparison with LSSM— We carried out LSSM cal-
culations to interpret our results quantitatively. A model
space containing multiple complete proton and neutron
major shells around 132Sn exceeds current computational
capability. To focus on the strong decay channels in
133In, e.g. vg7/2 — TGy 2, we built the model space on a
88Gr core (Z = 38, N = 50), including the 0g7/2, 1ds /2,
1d3/2, 251/2, Ohy1/2, 1f7/2 orbitals for valence neutrons
and the 1])1/2, Ogg/g, 097/27 1d5/2, 16133/27 281/2 orbitals
for valence protons. This choice retains important orbital
partners relevant for 8 decay, see Fig. 1. We truncated
the number of allowed p-h excitations across 32Sn to
2p-2h as the first-order approximation. We used three
sets of two-body interactions constructed from the effec-
tive nucleon-nucleon (NN) potentials of (i) N3LO [35],
(ii) Argonne V18 [36], and (iii) Vyu plus M3Y [37, 38].
N3LO and V18 were derived using the many-body per-
turbation theory [39], with the procedure outlined in Ref.
[40]. Vmu was obtained by computing the matrix ele-
ments directly within our model space. We determined
the single-particle (s.p.) energies from the spectroscopic
data in the vicinity of *2Sn. The GT and FF operators
were defined in Ref. [41], and their effective scaling fac-
tors were listed as follows that best reproduce our data.

q(GT) = 0.6, ¢q(MT) =15, q(Mg) = 0.6,
q(z) = 0.5, g(u) = 0.4, g(z) =0.8.

We first examined the individual transitions populat-
ing the four v2p-1h states, see Figs. 3 (a)—(d). All
three nuclear potentials reproduced the experimental FF
strengths feeding the 11/27, 3/2%, and 1/2% states at
lower excitation energy. Additionally, they gave consis-
tent microscopic compositions of those states: the great-
est fractions in the 11/27 and 3/2%" wavefunctions were
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FIG. 3. Comparisons of excitation energy and decay strength between LSSM and experimental data. Figures (a)-(d) show the
results of four individual transitions populating the v2p-1h states. Figures (e) and (f) present cumulative strength distribution
up to Fer = 11 MeV for 1339™In, respectively. The calculation only includes the results from N3LO because of its better
agreement in the GT strength. The theoretical FF contribution is drawn explicitly in dashed lines.

l/h;ll/2 X f72/2 and 1/cl;/12 X f72/2, respectively (> 85%). The
1/27 state was somewhat mixed, with the leading order

term 1/51_/12 X f72/2 being less than 55%. Regarding the

7/2% state, the calculations diverged in the GT strength,
giving 36 x 107% s7! (Vyy), 37 x 107¢ s71 (V18), and
19 x 1076 57! (N3LO) respectively. Although all mod-
els predicted a similar fraction of 1/97_/12 N ]"72/2 (~ 45%)
in their wavefunctions, they differed in the amounts of
proton excitation across Z = 50, 0.4 in N?LO, and
0.1 in V18 and Vyy. The experimental GT strength,
20(4) x 1076 571, was as quenched as the N3LO predic-
tion, suggesting sizeable proton core excitation contribut-
ing to the state. The comparison reveals the sensitivity of
this particular GT decay strength to the employed NN
interactions. Considering this vg;/, — mgg /o transition
dominates the decay rate (and half-life) in not only 133In
but also a large number of neutron-rich nuclei southeast
of '328n, it is of paramount importance to reproduce this
decay in 133In in any theoretical calculations aiming to
provide reliable nuclear-decay input to astrophysical ap-
plications.

Next, we presented in Figs. 3 (e, f) the cumulative
[B-strength distribution from the experiment and LSSM
with N3LO. The calculations nicely follow the experi-
mental distribution of both states below 9 MeV, with
the deviation less than 2-o uncertainty. The resultant
half-lives are 145 and 169 ms for the ground state and
isomer, respectively, being consistent with the literature
values (162 and 167 ms) [24]. Towards higher excitation
energy, a sharp kink emerged in the calculations and
drove the distributions up over the experimental ones.
Because FF decays are extremely weak there, see Figs.
3 (e, f), those strengths are ascribed to the GT decays
involving both the neutron and proton orbitals in the 50—
82 shell, or the 4hw shell, in Fig. 1. The disagreement is

most likely caused by the truncation of 2p-2h excitation
across 132Sn, which is not sufficient to describe fully the
NN correlations and strength distribution at such high
energy. Even though it has a relatively minor impact
on the calculated half-lives and thus the r-process, the
problem will have to be addressed with more advanced
theoretical treatment in the future.

Feedback to global calculations— Although the
LSSM calculations achieved a satisfactory agreement
with our data, it is impractical to make systematic cal-
culations across the nuclear chart due to the large model
spaces. Therefore, global nuclear models are indispens-
able for modeling the r-process. Our new measurements
can serve as constraints and validation points to improve
the accuracy of those global models beyond what was pre-
viously achievable. The measured branching ratios from
this work allowed the extraction of partial half-lives of
GT and FF transitions of an r-process nucleus. Accord-
ing to our LSSM calculations in Fig. 3, FF transitions
dominate the strength below the GT peak at 6 MeV,
whereas those above 6 MeV are mostly GT transitions.
Therefore, the partial half-life of FF transitions is ob-
tained by summing S-decay probabilities below the 7/2%
state at 5.93 MeV, including the bound states [23-25].
The GT transitions contain the rest of the feeding inten-
sities from 5.93 MeV onward. To accommodate the model
dependency, we estimated a systematic uncertainty of at-
tributing 50% of the strength above 6 MeV to FF transi-
tions. The resultant partial half-lives are tST = 260(40)
and tFF = 435(60) ms for 13%9In, and t“T = 1130(500)
and t"F = 195(10) ms for '*3"In. Although the two
states have similar half-lives, the ground-state decay is
dominated by GT transitions, whereas the isomeric de-
cay is mostly carried by FF transitions.
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FIG. 4. Comparison between several global calculations and
the experimental half-life (guided by dashed lines) of **39In.
The total half-life (blue) is divided into GT (red) and FF
(black) partial half-lives, with the experimental values being
260(40) and 435(60) ms, respectively. Calculations are ex-
plained in the main text.

Because global models only predict ground-state
decays to date, the comparison in Fig. 4 is presented for
1339Tn exclusively. The global models include Moller03
(FRDM-+QRPA) [8], Borzovlé (DF+CQRPA) [42],
Marketinl6 (RHB+pn-RQRPA) [9], Ney20 (EFA-
pnFAM) [12], and Sarriguren22 (HF+BCS+QRPA)
[43].  All five are the QRPA calculations that differ
in their degree of self-consistency, density functional,
or calculation method. In the results of Moller03,
the discrepancy is mainly driven by the GT decays,
while in Marketinl6, it is caused by FF transitions
with overestimated strength. Although Ney20 finds a
reasonable ratio between the GT and FF strengths, its
absolute decay rates are underestimated by more than
a factor of two. The deviations suggest the strength
distributions of those models need to be revised for 133In
to improve their prediction power for other r-process
nuclei further away from '32Sn. Borzov16 achieves the
best agreement overall with the experimental data.
Even though Sarriguren22 does not include FF decays,
it provides a reasonable partial GT half-life for 1339In.

Summary and prospects— In conclusion, we es-
tablished with high precision the (-decay strength
distribution of 339™In.  Its ground-state decay is
dominated by a GT transformation, while the isomer
almost exclusively decays through FF transitions. The
experimental findings were used to benchmark LSSM
calculations with effective interactions. For the GT
transformation 9/2% — 7/2%, only N3LO produced
a good agreement with the data. In contrast, all the
models agreed with the FF decays at lower excitation
energy. The comparison of several existing global
models shows a wide range of competition between
GT and FF transitions in this simple nucleus, with
only Borzovl6 estimating their relative contributions
and absolute decay rates correctly. It is noteworthy
that the novel ab-initio theories developed rapidly in

nuclear physics during the last decade. While not yet
available for global predictions, they have already given
essential advancement in understanding nuclear S-decay
probabilities [44]. The measurements from this work will
serve as an anchor point on the neutron-rich side of the
nuclear chart, where the strengths are more fragmented
and quenched than those in the '°°Sn region along the
Z = N line [45, 46].
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