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Models of the β-delayed neutron emission (βn) assume that neutrons are emitted statistically via an intermedi-
ate compound nucleus post β decay. Evidence to the contrary was found in an 134In β-decay experiment carried
out at ISOLDE CERN. Neutron emission probabilities from the unbound states in 134Sn to known low-lying,
single-particle states in 133Sn were measured. The neutron energies were determined using the time-of-flight
technique, and the subsequent decay of excited states in 133Sn was studied using γ -ray detectors. Individual
βn probabilities were determined by correlating the relative intensities and energies of neutrons and γ rays.
The experimental data disagree with the predictions of representative statistical models which are based upon
the compound nucleus postulate. Our results suggest that violation of the compound nucleus assumption may
occur in β-delayed neutron emission. This impacts the neutron-emission probabilities and other properties of
nuclei participating in the r-process. A model of neutron emission, which links the observed neutron emission
probabilities to nuclear shell effects, is proposed.
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I. INTRODUCTION

Modern models of β-delayed neutron emission (βn) sep-
arate the process into two stages [1], starting with the β

decay of a parent nucleus followed by the neutron emission
from the unbound daughter states. The first step is mediated
by the weak interaction and requires knowledge of the β-
decay strength function feeding neutron unbound states [2,3].
This stage is very sensitive to nuclear-structure details. In
the second step, the Bohr compound nucleus (CN) hypoth-
esis is asserted for neutron emission [2,4,5], i.e., the CN is
assumed to have a large density of levels and no memory
of specific configurations populated in β decay besides the
inherited spin and parity (Jπ ) [4,6]. Neutron emission is con-
sidered a statistical process which depends upon the excitation
energy, spin, and angular momentum of the CN and on avail-
able states in the residual nucleus [2,6]. Although statistical
neutron-emission models have successfully described gross
properties of βn process in some medium- and heavy-mass
nuclei [2,3,7], they have yet to be tested against neutron and
γ -ray spectra for broader sets of isotopes. Accurate predic-
tions of βn precursor behavior, such as βn probabilities (Pn),
are essential for the rapid neutron-capture process (r-process)
calculations, especially in astrophysical environments where
β decay competes with neutron capture [8]. Verifications of
pre-existing βn models are needed to reliably model r-process
nucleosynthesis.

The purely statistical nature of βn was questioned pre-
viously based on the early observation of discrete neutron
energy distributions [9,10]. Hardy et al. interpreted these fea-
tures to be purely statistical and due to the level density fluc-
tuations in the β-decay daughter [5,11]. Modern shell-model
calculations can capture the complexity of β-decay feeding
patterns, reproducing the observed discrete neutron spectra,
thus establishing a direct link to nuclear structure. However,
the universal applicability of the statistical approach to de-
scribe neutron emission from the states selectively populated
in β decay remains an open question. Nuclei in the vicinity
of doubly magic 132Sn are unique candidates to study the
limits of neutron-emission models because conditions in these
nuclei are different from midshell nuclei which are typically
considered prototypical statistical β-delayed neutron emitters.

In this paper, the decay of 134In is revisited to test the
accuracy of statistical-model predictions. 134In is a known
β-delayed neutron emitter, predominantly populating neutron
unbound states in 134Sn [12,13] via β decay. The 134Sn states
then decay via neutron emission to low-lying, single-particle
states in 133Sn [14]. The βn probability of 134In is large,
with P1n = 89(3)% and P2n = 9(2)% [13], due to the sizable
β-decay energy window, Qβ = 14.5(2) MeV, and the small
neutron separation energy of 134Sn, Sn = 3.62 MeV [15,16].
The ground-state spin and parity assignment of 134In has pre-
viously been constrained to 6− or 7− [13]. With respect to the
132Sn doubly magic core, the states populated in 134Sn via al-
lowed Gamow-Teller (GT) transitions consist predominately
of particle-hole (p-h) configurations around 7-MeV excitation
energy [13,17,18]. Schematics of the neutron occupation for
134Sn and 133Sn states of interest are shown in the diagram
in the upper right of Fig. 1. Within the spherical shell-model

FIG. 1. Schematic of 134In βn emission representing the β decay
to neutron unbound states in 134Sn and subsequent neutron emission
to single-particle states in 133Sn. As an example, the schematic is
labeled assuming an initial 134In Jπ = 7−. Two different scenarios
for neutron emission, statistical neutron emission, and direct neutron
emission, are represented by boxes 2.a and 2.b, respectively.

framework, the 134Sn neutron p-h states (Box 1 in Fig. 1) are
orthogonal to the 133Sn neutron single-particle states (Box 3
in Fig. 1). By studying the neutron emissions from these 134Sn
states, the critical question of whether the Bohr hypothesis is
applicable for every βn precursor can possibly be answered.
If the β-decay daughter dampens into a structureless CN (Box
2.a in Fig. 1), neutron-emission calculations made with a
Hauser-Feshbach model should accurately describe experi-
mental data [2,6]. This scenario is represented by the large
yellow arrows in Fig. 1. An alternate scenario, indicated by the
large green arrows in Fig. 1, involves direct neutron emission
enabled by the minor wave function components (Box 2.b in
Fig. 1) of the excited states. This could be evidenced by ob-
serving deviations from CN predictions. In this work, we com-
bined neutron and γ -ray spectroscopy methods, measuring the
relative population of states in 133Sn through neutron emission
from 134Sn excited states. These results will be compared to
predictions made assuming neutron emission from a CN.

II. EXPERIMENTAL DETAILS

Radioactive nuclei were produced at the Isotope Separa-
tor On-Line (ISOLDE) facility at CERN using a 1.4 GeV
proton beam incident on a uranium carbide (UCx) tar-
get [19]. Indium nuclei were selectively ionized using the
Resonance Ionization Laser Ion Source (RILIS) and then
mass-separated by the General Purpose Separator (GPS) [20].
The 134In ions were delivered to the ISOLDE Decay Station
(IDS) and implanted on a movable tape system for β-decay
measurement.

The tape system is operated in a take-away mode. At
the start of a tape cycle, ions are continuously implanted
on the tape for 300 ms while measuring decays before the
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beam was turned off. Decay measurements were made for
another 300 ms before the tape was cycled a fixed amount to
remove the long-lived contaminants. This created a 600 ms
time window for observing 134In decays. The IDS detector
setup consists of one β detector with dual photomultiplier
tube (PMT) readout, four high-purity Ge (HPGe) clovers, and
the IDS neutron detector (INDiE) [18], an array using the
same concept as the versatile array of neutron detectors at
low energy (VANDLE) [21]. The plastic scintillator β detector
serves to measure the β energy from 134In decay and provide a
start signal associated with the neutron emission. The average
efficiency for β detection is ≈80%. The β detector and tape
system are all enclosed in an aluminum vacuum chamber. The
four HPGe detectors have 10% and 3% total efficiency for
100 keV and 1 MeV γ rays, respectively, without addback.
INDiE consists of 26 bars of Eljen 200 plastic scintillator,
each 3 × 6 × 120 cm3, which measure neutron times of flight.
The bars are arranged in a cylindrical arc on an aluminum
frame 104 cm from the implant point, covering 11.7% of a
4π solid angle. Due to shadowing from a steel support frame,
four detectors were not used in this analysis, reducing the solid
angle coverage to 10%. INDiE is placed on the opposite side
of the implant point from the HPGe detectors to minimize the
interactions of neutrons emitted towards INDiE. Each end of a
scintillator detector is coupled to a PMT, and each detector is
gain matched to ensure a consistent response to neutrons with
the same energy across all of INDiE.

All β-, γ -, and neutron-detector signals were connected to
a digital data acquisition (DDAQ). The details of the DDAQ
system are described in Ref. [22]. The 250-MHz digitized
waveforms (4-ns period) were recorded for the signals from
the two β detectors and 26 INDiE modules, while only the
energy filter samplings were stored for the HPGe signals.
Waveforms were then analyzed offline to extract a high-
resolution time stamp (HRT). This technique achieves timing
resolutions below the digitizer sampling period. Using a poly-
nomial constant fraction discriminator (polyCFD) algorithm
[23], HRTs are calculated to measure the time difference be-
tween β and neutron signals. The full width at half-maximum
(FWHM) resolution of the γ -flash peak in the time-of-flight
(TOF) histogram such obtained is 1.5 ns. Well-known 17N β-
delayed neutron-emission data [24] were used to calibrate the
individual distances from the implant position to each INDiE
bar. The average distance to the center of each bar in this setup
is 104.2(3) cm.

The 134Cs isomer contamination caused significant back-
ground in all detector systems. The isomer half-life is 2.9 h
and predominately decays via a 127.5-keV γ ray. The large
number of γ rays detected by the β detector caused signifi-
cant, nonconstant background in the neutron TOF spectrum.
This behavior was removed by requiring the amplitude of β

signals to be above the equivalent light output of 127.5 keVee.
For INDiE detectors, the beam contamination caused a con-
stant flat background, mainly by low-energy signals, in the
neutron TOF spectrum. No requirement on the amplitude of
neutron signals was made due to the low overall contribution
of this effect to the shape of the spectrum and the possibility
of removing low-energy neutron events.

FIG. 2. Full TOF spectrum with analytical deconvolution given
by red line with the underlying γ -ray background represented by
the dashed black line. Individual neutron transitions are represented
by the underlying curves. Color and dash schemes are related to
the analysis process. The ground state neutron-emissions are marked
with dark blue. Components of the 133Sn excited states are plotted in
magenta. Additional responses are marked in light blue. See text for
additional details.

III. DATA ANALYSIS

A fully corrected neutron TOF spectrum showing the main
region of interest is plotted in Fig. 2. The γ -ray energy spectra
following β-decay (black) and βn (red) events are shown in
Fig. 3 (top) Three γ -ray transitions associated with the de-
excitation of the neutron single-particle states in 133Sn (3/2−
at 854 keV, 9/2− at 1561 keV, and 5/2− at 2004 keV [12,14])
are indicated by blue arrows. The spectrum reflects the com-
plexity of neutron emission from 134Sn due to the low-lying
states in 133Sn that can be fed by neutron emission and vary the
neutron energies in the βn process. It also shows the effects of
neutron interactions with materials of the experimental system
before being detected. In GEANT4 [25], monoenergetic neu-
trons are emitted isotropically from the ion implantation point
to generate TOF histograms which include these scattering ef-
fects. Each TOF distribution has two main features, a prompt
peak centered near the nominal neutron TOF, and a long tail
which can carry on for hundreds of nanoseconds. A piecewise
response function, represented by an asymmetric Lorentzian
followed by three sequential exponential decay tails, is used
to characterize each histogram. From fits to each simulation of
different monoenergetic neutrons, a neutron response function
is generated by finding the relationship between each parame-
ter and the associated neutron energies. The response function
is verified by properly deconvolving well-known 17N [24] and
49K [26] β-delayed neutron spectra.

To start deconvolving the neutron TOF spectrum in Fig. 2,
additional neutron TOF spectra gated by the γ rays de-
exciting the 3/2− (854 keV) and 9/2− (1561 keV) states in
133Sn, shown in Fig. 3 (bottom), were made to extract a 134Sn
preliminary level scheme. Due to the low neutron-emission
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FIG. 3. γ -ray energies observed following a β decay event (top).
Neutron time-of-flight distribution in coincidence with the 854-
(middle) and 1561-keV (bottom) γ rays, which correspond to the
de-excitations from the 3/2− and 9/2− excited states to the 7/2−

ground state in 133Sn, respectively.

branching ratio to the 133Sn 5/2− state combined with the
short run time for this experiment, no valid neutron TOFs
were measured in coincidence with 2004-keV γ rays. Af-
ter establishing the initial set of 134Sn levels which have
a neutron-emission component to the 133Sn excited states,
those neutrons were included in the deconvolution process
of the full spectrum in Fig. 2 (magenta) with fixed centroid
positions established from neutron-γ analysis. The ampli-
tudes of those peaks were allowed to vary within 20% of
their γ -efficiency corrected amplitudes. Then, neutron en-
ergies corresponding to the decay of these 134Sn states to
the 133Sn ground state were calculated and included in the
deconvolution at their respective TOF (dark blue). Ampli-
tudes of those ground-state-feeding peaks were allowed to
vary fully. For the states with strong neutron-γ cascade, the
centroids of their ground-feeding peaks were fixed (solid dark
blue). The rest had their centroids free to vary within the
TOF uncertainty at that energy (dashed dark blue). While
the preliminary neutron-γ information somewhat reproduced
the TOF spectrum between 30 and 60 ns, there were de-
ficiencies in the number of transitions for longer TOF not
accounted for by neutron scattering effects. Additional re-
sponses (dashed light blue) were added where the spectrum
was not properly described until the best χ2/NDF of overall

fit was achieved. The whole neutron response function sits on
top of the γ -ray background, represented by a dashed black
line in Fig. 2, which is characterized by a double exponential
with a constant offset. The red line in Fig. 2 is the analytical
deconvolution of the full neutron TOF spectrum which con-
tains the aggregated sum of all individual neutron responses
along with the γ ray background.

IV. RESULTS AND DISCUSSIONS

The key observables of this experiment are β feeding inten-
sities, Iβ , to 134Sn neutron-emitting states and the subsequent
neutron feeding intensities, Iβni , to the single-particle states in
133Sn. Iβni values were given by the area of individual neutron
responses extracted from the deconvolution analysis seen in
Fig. 2, which are then summed for each 134Sn excitation
energy to find Iβ . Decay feeding to states in 134Sn can be seen
in Fig. 4(b), where a single level’s shading represents Iβni . The
most prominently populated excited states are concentrated
near Ex ≈ 7 MeV in the 134Sn neutron-emitting nucleus.
Comparative half-lives (log ft) values are calculated in order
to determine each state’s likelihood as having undergone a
GT or first-forbidden (FF) transition. Only states populated
in GT transitions are considered in the following discussions
because they are exclusively assumed to only be neutron p-
h configurations. Five states of interest were identified for
studying neutron emission from states populated through a GT
transition. Their energies are 6.88 MeV, 7.18 MeV, 7.37 MeV,
7.81 MeV, and 8.31 MeV, with the calculated log ft values
5.0(1), 4.9(1), 5.0(1), 5.3+0.3

−0.2, and 5.0+0.5
−0.3, respectively.

A. Shell-model calculations of β-decay strength

Large-scale shell-model (LSSM) calculations of β-decay
strengths, including both GT and FF decays, in 134Sn were
carried out to support the hypothesis that these five states
could be populated in GT transitions. The calculations were
performed from 6− and 7− 134In ground states according to
suggested spin assignments [13]. It was presumed that, like in
133In decay, the main GT transition from 134In to 134Sn would
involve neutron p-h states in 134Sn [17,18]. To include these
states, the valence space of LSSM was built around an 88Sr
core (Z = 38, N = 50). Orbitals 1p1/2, 0g9/2, 0g7/2, 1d5/2,
1d3/2, and 2s1/2 are included for valence protons and orbitals
0g7/2, 1d5/2, 1d3/2, 2s1/2, 0h11/2, and 1 f7/2 are included for
valence neutrons. Two-body interactions are derived from a
VMU plus M3Y [27,28] effective nucleon-nucleon potential.
The GT and FF strengths were calculated using the respective
operators defined in Ref. [29]. Strength distributions for GT
transitions can be seen in Fig. 4(a). The GT strength distribu-
tion is relatively unchanged between the two 134In calculations
with 6− and 7− spin assumption and is consistent with the
experimental observation in Fig. 4(b). The FF transitions are
negligible compared to the GT in the region of interest at Ex ≈
7 MeV. While these calculations were performed to provide
an interpretation of the dominant transition, the configuration
space was chosen to calculate p-h states. Most importantly
only the f7/2 neutron single particle level was included outside
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FIG. 4. (a): Theoretical B(GT) values from LSSM calculations for Jπ = 6−, 7− 134In ground state spin and parity. B: Measured feeding
intensities to excited states in 133Sn, Iβ , where the largest intensity has been normalized to unity. Column shading represents Iβni . The red
rectangles reflect the uncertainty in intensity and energy for each point. (c), (d), (e): BEOH calculations of the relative neutron branching ratios
to the 7/2− (c), 3/2− (d), and the 9/2− (e) states in 133Sn. Black data points in each panel are the experimentally determined neutron branching
ratios.

N = 82 closed core. This choice was forced by the computa-
tional feasibility of the LSSM calculations.

B. Neutron emission from statistical model

Neutron emission branching ratios to the low-lying ex-
cited states in 133Sn were calculated as a function of 134Sn
excitation energy and spins of either Jπ = 5−, 6−, 7− for
Jπ

g.s.(
134In) = 6−, or Jπ = 6−, 7−, 8− for Jπ

g.s.(
134In) = 7−

using BEOH code [30] which predicts statistical neutron emis-
sion probabilities [2,6]. BEOH calculates the neutron and γ

emissions from a CN for given energy and Jπ [30]. The
Koning-Delaroche optical model [31] is used to calculate
neutron transmission coefficients [2]. In order to account for
nonobserved decay branches, the total intensity of feeding per
energy bin to the 7/2−, 3/2−, and 9/2− states in BEOH calcu-
lations was normalized to one. The relative intensities feeding
the 7/2−, 3/2−, and 9/2− states are shown in Figs. 4(c), 4(d),
and 4(e), respectively.

Experimental data representing the relative intensities from
the five states of interest are overlaid in the correspond-
ing figures. If this statistical model accurately predicts the
neutron-emission behavior, neutron branching ratios of each
134Sn state of a given Jπ should match closely between ex-
perimental data and the BEOH calculations. However, the

experimental relative branching ratios are only consistent with
BEOH calculations of the 7.18-MeV state, for which the
strongest agreement is Jπ = 7−. For the rest of the states,
even if the observed neutron transitions belong to an unre-
solved group of states with different spins, no mixture of spins
with each group can reproduce the experimental data. Other
levels could be made to agree with experimental results if
contributions from Jπ = 9− neutron-emitting states in 134Sn
were considered. However, this scenario is precluded by the
Jπ

g.s.(
134In) = 6− or 7− assignment [13] and β-decay selection

rules for allowed GT decays (�J = 0,±1). We attempted
to resolve the differences between experimental data and
theoretical calculations by considering an alternative optical
model parametrization from Becchetti-Greenlees [32], which
failed to show significant improvement over the other in com-
parison with the experiment.

C. Doorway state decay model

The inability of accurately reproducing the observed βn
branching ratios compels us to revise the validity of model
assumptions in the case of 134In. Because of the different p-h
nature of states populated via GT transformations in 134Sn and
the single-particle states in 133Sn, the spectroscopic overlap
between 134Sn

∗
and 133Sn +n is minute. In a few cases, it has
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been shown experimentally that this causes βn states to be as
narrow as below a few keV, e.g., in 133Sn [33,34] and 87Br
[7,35]. Determination of this overlap is beyond the current
accuracy of LSSM calculations [36]. This small spectroscopic
overlap in very neutron-rich nuclei is the primary mechanism
for trapping the GT state before it can decay [37]. Delayed
neutron emission models assumed that this state “diffuses”
into an equilibrated system (compound nucleus) which does
not have a memory of the initial state in the limit of the
high density of states [2,5]. However, in the decay of near-
shell-closure nuclei such as 134In, equilibration may not be
achieved due to low level densities, and the nucleus is forced
to decay via an alternative path even if it has a very small
probability. In that case, the concept of a doorway state may be
invoked to describe neutron emission [37–39]. The observed
GT states may coexist with tails of broad resonant states with
configurations that have a strong neutron emission channel.
The configuration mixing effects beyond the present shell-
model calculation capability may nevertheless enable neutron
emission. The mixing of p-h states and resonant states in 134Sn
(which have large spectroscopic overlap with low-lying 133Sn
states) may lead to modulation of neutron emission branching
ratios.

We present a new schematic model for the βn process
of 134In which captures shell structure effects by including
spectroscopic factors between neutron-emitting states and the
single-particle states in 133Sn. The resonant 134Sn states with
neutron-particle configurations that possibly have strong neu-
tron emission to 133Sn states were calculated using a second
LSSM outside a 120Sr (Z = 38, N = 82) core. The valence
model space consists of proton orbitals between Z = 38 and
Z = 82 (1p1/2, 0g9/2, 0g7/2, 1d5/2, 1d3/2, 2s1/2, and 0h11/2),
and neutron orbitals between N = 82 and N = 126 (0h9/2,
1 f7/2, 1 f5/2, 2p3/2, 2p1/2, and 0i13/2). The modified residual
interactions j j56pna were used. This valence space should
reliably predict excited states in 134Sn which undergo neutron
emission, including all states with a closed N = 82 shell that
have a nonvanishing overlap with 133Sn single particle states.
These calculations predict ≈40 keV level spacing around
7-MeV excitation energy in 134Sn, a factor 3 to 8 larger
than expected by the Gilbert-Cameron formula. The energy
profiles of these resonances are represented by Breit-Wigner
distributions:

�n(E ) = 1

π

(
�n
2

)
(E0 − E )2 + (

�n
2

)2 ,

�n =
∑

i

�′
n,i =

∑
i

�n,iSn,i. (1)

Subscripts n identify specific neutron-emitting states in 134Sn
and subscripts i denote neutron feeding to a unique 133Sn
single particle state. The partial widths of each state, �n,i, are
calculated using a Koning-Delaroche optical potential [31].
Modified partial decay widths, �′, are generated by scaling
�n,i by the spectroscopic factor, Sn,i. The total width of each
state, �n, is the sum of the modified partial widths, �′. Neutron
emission branchings from each 134Sn state as a function of

FIG. 5. A cumulative plot of calculated neutron branching ratios
of Jπ = 5−, 6−, 7−, 8− 134Sn states as a function of excitation energy
with the doorway interpretation using neutron L = 6 emission from
0i13/2. The predictions of the Hauser-Feshbach model for a given spin
are shown for comparison: solid blue line represents feeding to 7/2−

state and dashed blue line to 3/2−. The last two plots show average
cumulative branching ratios expected in the Gamow-Teller decay for
the 134In ground state spins of Jπ = 6− and Jπ = 7−, respectively.

energy are given by

In,i(E ) = �n(E ) ×
(

�′
n,i

�n

)
,

Ii(E ) =
∑

n

In,i(E ). (2)

The modified partial decay widths determine the neutron
branching ratios on a state-by-state basis in 134Sn. Feeding in-
tensities to individual 133Sn states, In,i, are aggregated from all
neutron-emitting states as shown in the second line of Eq. (2).
Calculations of neutron branching ratios as a function of exci-
tation energy using the model presented above can be seen in
Fig. 5, The stacked, shaded histograms show the cumulative
branching ratio to each 133Sn state as a function of energy
using neutron feeding intensities given by Eq. (2). Noticeable
is the modulation of the branching ratios over small changes in
excitation energy resulting from the presence of excited states
in 134Sn which have nonvanishing overlap with 133Sn. This
behavior is not reflected in the statistical model calculations
in Fig. 4. The proximity of the p-h states populated in the
β decay of 134In to any of these resonances can generate a
neutron emission pathway with increased decay probability to
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FIG. 6. Same as Fig. 5, except that the doorway interpretation
uses L = 4 neutron emission from 1g9/2.

a particular state in 133Sn. Such a mechanism may explain the
deviation from Hauser-Feshbach model predictions.

Close inspection of the energy distribution of the spectro-
scopic factors for neutron emitting states reveals that only
states with the nonzero occupation of νi13/2 orbital contribute.
Large spectroscopic factors are predicted in the excitation
energy range between 4 and 6 MeV in 134Sn, see Fig. 5. The
doorway states around E∗ = 7 MeV in the energy range of the
states coinciding with those populated in the Gamow-Teller
transition are characterized by much smaller spectroscopic
factors, and they are formed by coupling to the proton exci-
tations across Z = 50 shell closure. For those states, neutron
emission is also mediated by the i13/2 contribution, and their
excitation energy in 134Sn depends on the magnitude of the
proton shell gap. Here a relatively small shell gap of 3 MeV
was used. We have explored another possibility of the door-
way state formation using simplified calculations using 132Sn
(Z = 50, N = 82) core and a variation of j j56pna interac-
tions that includes the orbitals across N = 126 closed shell.
The calculations, including 1g9/2, are shown in Fig. 6. This
variant of j j56pna interaction is implemented in a valence
space with 132Sn closed core consisting of proton orbitals
(0g7/2, 1d5/2, 1d3/2, 2s1/2, and 0h11/2), and neutron orbitals
(0h9/2, 1 f7/2, 1 f5/2, 2p3/2, 2p1/2, 0i13/2, and 1g9/2). Such
limited configuration space enables only very schematic cal-
culations because of a minimal degree of configuration mixing
with orbitals across N = 126. The chosen shell-gap is 4 MeV,
consistent with the theoretically expected value [40]. This cal-
culation can result in doorway states with large spectroscopic

factors with L = 4 neutron emission centered around 8 MeV.
The results for neutron emission branching ratios are shown in
Fig. 6. A similar broad distribution of doorway state stemming
from 3d5/2 (L = 2) orbital can be generated using a similar
approach.

These presented above shell-model calculations provide
multiple plausible scenarios for generating doorway states
affecting neutron emission probabilities from excited states in
134Sn. These states have to be constructed with correct spin
and parities and excitation energies to enable configuration
mixing with the states populated in Gamow-Teller decays
of 134In and have a strong probability of neutron emission
to excited single-particle states in 133In. An accurate model
aiming to describe this process directly would require a diag-
onalization in a larger configuration space than what was used
here.

V. SUMMARY AND CONCLUSIONS

In conclusion, experimental evidence was found sug-
gesting the βn of 134In cannot be explained through a
CN assumption. Measured neutron-emission branching ra-
tios from the 134Sn excited states to single-particle states in
133Sn deviate from statistical-model predictions. To explain
this effect, we propose a hypothesis that the formation of
an equilibrated (compound) nucleus may not be achieved in
the GT decay of 134In due to the low level density in the
excitation energy range. A schematic formalism which uses
shell model spectroscopic factors was developed. β-delayed
neutron emission mediated through persisting doorway states
may be a more general feature of this process. It will affect
a broader range of nuclei and be of importance for the r-
process modeling. For most astrophysical r-process scenarios,
participating nuclei cannot be directly measured, thus models
must rely on robust theoretical predictions. A more complete
neutron emission framework is needed to explain the emission
process fully, especially for nuclei with low level densities.
This is especially relevant for r-process waiting point nuclei
near closed shells. The same effect may strongly influence
multineutron emission probabilities (Pxn) [3]. Variations in Pxn

which are presently not considered could drastically change
isotopic abundance predictions of r-process models. Similar
effects may also affect β-delayed proton emission [41] in
medium- and heavy-mass nuclei. Future experiments should
aim to explore a broader range of nuclei when they be-
come available in new generation radioactive beam facilities.
Modern theoretical approaches which include time dependent
evolution of nuclear systems are being developed and they
may provide a more complete description of the observed
phenomenon.
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Boca Raton, FL, 1989), Vol. 3, pp. 157–201.

[2] T. Kawano, P. Möller, and W. B. Wilson, Phys. Rev. C 78,
054601 (2008).

[3] R. Yokoyama, R. Grzywacz, B. C. Rasco, N. Brewer, K. P.
Rykaczewski, I. Dillmann, J. L. Tain, S. Nishimura, D. S. Ahn,
A. Algora, J. M. Allmond, J. Agramunt, H. Baba, S. Bae, C. G.
Bruno, R. Caballero-Folch, F. Calvino, P. J. Coleman-Smith, G.
Cortes, T. Davinson et al., Phys. Rev. C 100, 031302(R) (2019).

[4] V. Weisskopf, Phys. Rev. 52, 295 (1937).
[5] J. Hardy, B. Jonson, and P. Hansen, Nucl. Phys. A 305, 15

(1978).
[6] W. Hauser and H. Feshbach, Phys. Rev. 87, 366 (1952).
[7] K.-L. Kratz, W. Rudolph, H. Ohm, H. Franz, M. Zendel, G.

Herrmann, S. Prussin, F. Nuh, A. Shihab-Eldin, D. Slaughter,
W. Halverson, and H. Klapdor, Nucl. Phys. A 317, 335
(1979).

[8] M. Mumpower, R. Surman, G. McLaughlin, and A.
Aprahamian, Prog. Part. Nucl. Phys. 86, 86 (2016).

[9] S. Shalev and G. Rudstam, Phys. Rev. Lett. 28, 687 (1972).
[10] S. Prussin, Z. Oliveira, and K.-L. Kratz, Nucl. Phys. A 321, 396

(1979).
[11] C. E. Porter and R. G. Thomas, Phys. Rev. 104, 483 (1956).
[12] P. Hoff, P. Baumann, A. Huck, A. Knipper, G. Walter, G.

Marguier, B. Fogelberg, A. Lindroth, H. Mach, M. Sanchez-
Vega, R. B. E. Taylor, P. Van Duppen, A. Jokinen, M. Lindroos,
M. Ramdhane, W. Kurcewicz, B. Jonson, G. Nyman, Y. Jading,
K.-L. Kratz, A. Wohr, G. Lovhoiden, T. F. Thorsteinsen, and J.
Blomqvist (ISOLDE Collaboration), Phys. Rev. Lett. 77, 1020
(1996).

[13] M. Piersa-Siłkowska, A. Korgul, J. Benito, L. M. Fraile,
E. Adamska, A. N. Andreyev, R. Álvarez-Rodríguez, A. E.
Barzakh, G. Benzoni, T. Berry, M. J. G. Borge, M. Carmona,
K. Chrysalidis, J. G. Correia, C. Costache, J. G. Cubiss, T. Day
Goodacre, H. De Witte, D. V. Fedorov, V. N. Fedosseev, and
S. G. Wilkins (IDS Collaboration), Phys. Rev. C 104, 044328
(2021).

[14] K. L. Jones, A. S. Adekola, D. W. Bardayan, J. C. Blackmon,
K. Y. Chae, K. A. Chipps, J. A. Cizewski, L. Erikson, C. Harlin,

R. Hatarik, R. Kapler, R. L. Kozub, J. F. Liang, R. Livesay, Z.
Ma, B. H. Moazen, C. D. Nesaraja, F. M. Nunes, S. D. Pain,
N. P. Patterson et al., Nature (London) 465, 454 (2010).

[15] W. J. Huang, G. Audi, M. Wang, F. G. Kondev, S. Naimi, and
X. Xu, Chinese Physics C 41, 030002 (2017).

[16] M. Wang, G. Audi, F. G. Kondev, W. J. Huang, S. Naimi, and
X. Xu, Chinese Physics C 41, 030003 (2017).

[17] I. N. Borzov, Phys. Rev. C 67, 025802 (2003).
[18] Z. Y. Xu, M. Madurga, R. Grzywacz, T. T. King, A. Algora,

A. N. Andreyev, J. Benito, T. Berry, M. J. G. Borge, C.
Costache, H. De Witte, A. Fijalkowska, L. M. Fraile, H. O. U.
Fynbo, A. Gottardo, C. Halverson, L. J. Harkness-Brennan, J.
Heideman, M. Huyse, A. Illana et al., Phys. Rev. C 108, 014314
(2023).

[19] R. Catherall et al., J. Phys. G: Nucl. Part. Phys. 44, 094002
(2017).

[20] V. Fedosseev et al., J. Phys. G: Nucl. Part. Phys. 44, 084006
(2017).

[21] W. A. Peters, S. Ilyushkin, M. Madurga, C. Matei, S. V.
Paulauskas, R. K. Grzywacz, D. W. Bardayan, C. R. Brune,
J. Allen, J. M. Allen, Z. Bergstrom, J. Blackmon, N. T.
Brewer, J. A. Cizewski, P. Copp, M. E. Howard, R. Ikeyama,
R. L. Kozub, B. Manning, T. N. Massey et al., Nucl. Instrum.
Methods Phys. Res. A 836, 122 (2016).

[22] S. V. Paulauskas, M. Madurga, R. Grzywacz, D. Miller, S.
Padgett, and H. Tan, Nucl. Instrum. Methods Phys. Res. A 737,
22 (2014).

[23] J. Heideman, D. Pérez-Loureiro, R. Grzywacz, C. Thornsberry,
J. Chan, L. Heilbronn, S. Neupane, K. Schmitt, M. Rajabali, A.
Engelhardt, C. Howell, L. Mostella, J. Owens, S. Shadrick, E.
Peters, A. Ramirez, S. Yates, and K. Vaigneur, Nucl. Instrum.
Methods Phys. Res. A 946, 162528 (2019).

[24] H. Ohm, W. Rudolph, and K.-L. Kratz, Nucl. Phys. A 274, 45
(1976).

[25] S. Agostinelli, J. Allison, K. Amako, J. Apostolakis, H. Araujo,
P. Arce, M. Asai, D. Axen, S. Banerjee, G. Barrand, F. Behner,
L. Bellagamba, J. Boudreau, L. Broglia, A. Brunengo, H.
Burkhardt, S. Chauvie, J. Chuma, R. Chytracek, G. Cooperman
et al., Nucl. Instrum. Methods Phys. Res. A 506, 250 (2003).

[26] L. Carraz, P. Hansen, A. Huck, B. Jonson, G. Klotz, A. Knipper,
K. Kratz, C. Miéhé, S. Mattsson, G. Nyman, H. Ohm, M.

024311-8

https://doi.org/10.1103/PhysRevC.78.054601
https://doi.org/10.1103/PhysRevC.100.031302
https://doi.org/10.1103/PhysRev.52.295
https://doi.org/10.1016/0375-9474(78)90162-8
https://doi.org/10.1103/PhysRev.87.366
https://doi.org/10.1016/0375-9474(79)90486-X
https://doi.org/10.1016/j.ppnp.2015.09.001
https://doi.org/10.1103/PhysRevLett.28.687
https://doi.org/10.1016/0375-9474(79)90133-7
https://doi.org/10.1103/PhysRev.104.483
https://doi.org/10.1103/PhysRevLett.77.1020
https://doi.org/10.1103/PhysRevC.104.044328
https://doi.org/10.1038/nature09048
https://doi.org/10.1088/1674-1137/41/3/030002
https://doi.org/10.1088/1674-1137/41/3/030003
https://doi.org/10.1103/PhysRevC.67.025802
https://doi.org/10.1103/PhysRevC.108.014314
https://doi.org/10.1088/1361-6471/aa7eba
https://doi.org/10.1088/1361-6471/aa78e0
https://doi.org/10.1016/j.nima.2016.08.054
https://doi.org/10.1016/j.nima.2013.11.028
https://doi.org/10.1016/j.nima.2019.162528
https://doi.org/10.1016/0375-9474(76)90225-6
https://doi.org/10.1016/S0168-9002(03)01368-8


EVIDENCE OF NONSTATISTICAL NEUTRON EMISSION … PHYSICAL REVIEW C 108, 024311 (2023)

Poskanzer, A. Poves, H. Ravn, C. Richard-Serre, A. Schröder,
G. Walter, and W. Ziegert, Phys. Lett. B 109, 419 (1982).

[27] T. Otsuka, T. Suzuki, M. Honma, Y. Utsuno, N. Tsunoda, K.
Tsukiyama, and M. Hjorth-Jensen, Phys. Rev. Lett. 104, 012501
(2010).

[28] G. Bertsch, J. Borysowicz, H. McManus, and W. Love, Nucl.
Phys. A 284, 399 (1977).

[29] S. Yoshida, Y. Utsuno, N. Shimizu, and T. Otsuka, Phys. Rev. C
97, 054321 (2018).

[30] S. Okumura, T. Kawano, P. Jaffke, P. Talou, and S. Chiba,
J. Nucl. Sci. Technol. 55, 1009 (2018).

[31] A. Koning and J. Delaroche, Nucl. Phys. A 713, 231 (2003).
[32] F. D. Becchetti and G. W. Greenlees, Phys. Rev. 182, 1190

(1969).
[33] V. Vaquero, A. Jungclaus, P. Doornenbal, K. Wimmer, A.

Gargano, J. A. Tostevin, S. Chen, E. Nácher, E. Sahin, Y.
Shiga, D. Steppenbeck, R. Taniuchi, Z. Y. Xu, T. Ando, H.
Baba, F. L. Bello Garrote, S. Franchoo, K. Hadynska-Klek, A.
Kusoglu, J. Liu, T. Lokotko, S. Momiyama, T. Motobayashi,
S. Nagamine, N. Nakatsuka, M. Niikura, R. Orlandi, T. Saito,
H. Sakurai, P. A. Soderstrom, G. M. Tveten, Z. Vajta, and M.
Yalcinkaya, Phys. Rev. Lett. 118, 202502 (2017).

[34] M. Piersa, A. Korgul, L. M. Fraile, J. Benito, E. Adamska, A. N.
Andreyev, R. Álvarez-Rodríguez, A. E. Barzakh, G. Benzoni,
T. Berry, M. J. G. Borge, M. Carmona, K. Chrysalidis, J. G.
Correia, C. Costache, J. G. Cubiss, T. Day Goodacre, H. De
Witte, D. V. Fedorov, V. N. Fedosseev, N. Warr et al. (IDS
Collaboration), Phys. Rev. C 99, 024304 (2019).

[35] D. Slaughter, F. Nuh, A. Shihab-Eldin, and S. Prussin, Phys.
Lett. B 38, 22 (1972).

[36] A. Spyrou, S. N. Liddick, F. Naqvi, B. P. Crider, A. C. Dombos,
D. L. Bleuel, B. A. Brown, A. Couture, L. Crespo Campo,
M. Guttormsen, A. C. Larsen, R. Lewis, P. Möller, S. Mosby,
M. R. Mumpower, G. Perdikakis, C. J. Prokop, T. Renstrøm,
S. Siem, S. J. Quinn et al., Phys. Rev. Lett. 117, 142701
(2016).

[37] N. Auerbach and V. Zelevinsky, Rep. Prog. Phys. 74, 106301
(2011).

[38] H. Feshbach, A. Kerman, and R. Lemmer, Ann. Phys. 41, 230
(1967).

[39] N. Auerbach and V. Zelevinsky, Nucl. Phys. A 781, 67 (2007).
[40] A. V. Afanasjev, S. E. Agbemava, D. Ray, and P. Ring, Phys.

Rev. C 91, 014324 (2015).
[41] J. C. Hardy and E. Hagberg, in Ref. [1], pp. 99–131.

024311-9

https://doi.org/10.1016/0370-2693(82)91104-2
https://doi.org/10.1103/PhysRevLett.104.012501
https://doi.org/10.1016/0375-9474(77)90392-X
https://doi.org/10.1103/PhysRevC.97.054321
https://doi.org/10.1080/00223131.2018.1467288
https://doi.org/10.1016/S0375-9474(02)01321-0
https://doi.org/10.1103/PhysRev.182.1190
https://doi.org/10.1103/PhysRevLett.118.202502
https://doi.org/10.1103/PhysRevC.99.024304
https://doi.org/10.1016/0370-2693(72)90190-6
https://doi.org/10.1103/PhysRevLett.117.142701
https://doi.org/10.1088/0034-4885/74/10/106301
https://doi.org/10.1016/0003-4916(67)90235-7
https://doi.org/10.1016/j.nuclphysa.2006.10.078
https://doi.org/10.1103/PhysRevC.91.014324

