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We report for the first time the β-decay scheme of 140Te (Z = 52) to 140I (Z = 53), with a specific focus
on the Gamow-Teller strength along N = 87 isotones. These results were obtained in an experiment performed
at the Radioactive Ion Beam Factory (RIBF), RIKEN, where the parent nuclide, 140Te, was produced through
the in-flight fission of a 238U beam at 345 MeV per nucleon impinging on a 9Be target. Based on data from
the high-efficiency γ -ray spectrometer, EUROBALL-RIKEN Cluster Array (EURICA), we constructed a decay
scheme of 140I. The half-life of 140Te has been determined to be 350(5) ms. A level at 926 keV has been assigned
as a (1+) state based on the log f t value of 4.89(6). This (1+) state, commonly observed in odd-odd nuclei,
can be interpreted in terms of the πh11/2νh9/2 configuration formed by the Gamow-Teller transition between a
neutron in the h9/2 orbital and a proton in the h11/2 orbital. We observe a sharp contrast to this type of β-decay
branching to the lower-lying 1+ states between 140I and 136I, where we see a large reduction as the number of
neutrons increases. This is in contrast to the prediction by large-scale shell model calculations. To investigate
this type of the suppression, results of the Nilsson model calculations will be discussed. Along the isotones with
N = 87, we discuss a characteristic feature of the Gamow-Teller distributions at 1+ states with respect to the
isospin difference.

DOI: 10.1103/PhysRevC.96.014325

I. INTRODUCTION

Nuclear physics plays an essential role in our understanding
of the origin of chemical elements in the cosmos. These
elements originate from atomic nuclei produced through

*cbmoon@hoseo.edu

nuclear reactions under extremely high-temperature plasma
conditions in hot stars, and their explosive events: novae, x-ray
bursts, and supernovae [1–3]. In astrophysical environments,
the β decay of unstable nuclei plays a crucial role in
controlling nucleosynthesis. The heavy neutron-rich nuclides
are known to be synthesized mostly through rapid neutron
capture reactions (r process) [3–5], and the final isotopic
abundances are strongly dependent on the results of a complex
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network of nuclear reactions and β decays. The β-decay
strengths are largely influenced by the so-called Gamow-Teller
(G-T) interaction. The G-T transition is closely related to
the spin-isospin interaction, which is of great importance
to nuclei and is crucial for estimating weak transition rates
in late stellar evolution. Consequently, the complexity of
the role played by the G-T transition in the late stellar
nucleosynthesis requires full discussions on both the nuclear
structure and nuclear astrophysics. Generally, a group of states
populated by G-T transitions is concentrated in the region of
a G-T giant resonance at high temperatures associated with
higher-lying excited states above 5 MeV in daughter nuclei
[6]. In contrast, the presence of low-lying G-T transition
determines abundances produced at low temperature in the
decay from the r-process path. The G-T strength has been
mainly constrained by the transformation between a proton
and a neutron in the high-spin orbitals such as πf7/2−νf7/2,
πg9/2−νg9/2, and πh11/2−νh11/2. However, in extremely
neutron-rich environments—for instance, late stages of the
core collapse of massive stars—it can be controlled by the
interplay between a neutron in the upper orbital and a proton
in the lower orbital in a spin-orbit partner: πf7/2−νf5/2,
πg9/2−νg7/2, and πh11/2−νh9/2. As 1+ states in an odd-odd
nucleus are strongly related to the G-T transition within those
partners, many properties of the G-T transition such as the
population, energy, and strength provide direct information on
its internal structure [7].

The region outside the doubly closed shell (Z = 50 and
N = 82) 132Sn nucleus is the subject of renewed experimental
and theoretical interest in view of shell evolution. Unpredicted
interesting results, especially related to the neutron dominance
beyond the 132Sn region, have been revealed [8–11]. In
this work, we present the first level structure of the very
neutron-rich nucleus 140I through the β decay of 140Te with
Z = 52 and N = 88. We have measured the β-decay half-life
and transition intensities, to obtain log f t values for G-T
strengths. In this region, the only allowed β-decay transitions,
G-T transitions, involve the decay of an h9/2 neutron to an h11/2

proton. Such a decay from an even-even nucleus gives rise to a
[νh9/2πh11/2]1+ state in the odd-odd daughter nucleus. In the
following, we will discuss the emerging features of the G-T
transitions of 1+ states in the neutron-rich odd-odd nuclei,
including 140I, on the basis of both theoretical calculations and
phenomenological systematics.

II. EXPERIMENTAL DETAILS

The experiment was carried out at the Radioactive Isotope
Beam Factory (RIBF) of the RIKEN Nishina Center. The
parent nuclides, 140Te, were produced from the in-flight fission
of 238U beams at 345 MeV per nucleon impinging on a 9Be
target, and selected by the first stage of the BigRIPS separator
[12]. Fission fragments, transported through the BigRIPS and
Zero-Degree spectrometers, were unambiguously identified
by the Bρ-�E-time-of-flight method [13]. These fragments
were implanted into the wide-range active silicon strip stopper
array for β and ion detection (WAS3ABi), which comprised
five layers of 1-mm-thick double-sided silicon-strip detectors
(DSSSDs) [14]. A total of 1.8 × 106 ions for 140Te were sorted
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FIG. 1. Singles γ -ray spectrum following the β decay of 140Te.
Peaks from 140I are labeled by transition energies as well as the blue
sharp symbol (#). Peaks labeled with red asterisks (*) and green
symbols (&) originate from the β-delayed neutron emission, 139I, and
the states populated in 140Xe, respectively. Unmarked peaks are the
room- and beam-induced backgrounds.

among the total of ∼107 ions in the cocktail beam. The emitted
γ rays, following the β decay of 140Te, were detected by the
EUROBALL-RIKEN cluster array (EURICA) [15].

III. EXPERIMENTAL RESULTS

Figure 1 shows the β-delayed γ -ray spectrum of 140Te. In
order to sort γ -ray transitions from the internal structure of 140I,
only β-ray events within 500 ms after ion implantations were
considered. Full energy peaks indicated by numbers or blue
sharp symbols (#) are γ -ray transitions in 140I. The half-life
of 140Te was determined to be 350(5) ms by analyzing decay
curves of several transitions in 140I as shown in Fig. 2. The
result was obtained by using a maximum likelihood method
with a fit function composed of a single-component expo-
nential decay and a constant background. Figure 3 represents
γ -γ coincidence spectra for 51, 77, 102, 134, 198, 740, 953,
and 1067 keV. The 376-, 458-, and 775-keV peaks are known
transitions in 140Xe which is the daughter nucleus of 140I. Un-
marked peaks are mostly from random coincidence events or
separated γ -ray energies of transitions in 140Xe. For instance,
in the spectrum of 198 keV, a full energy peak at 178 keV makes
376 keV by the sum of 198 keV and 178 keV itself. Detailed
characteristics related to γ -ray transitions are shown in Table I.
γ -ray energies were estimated by fitting a Gaussian function
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FIG. 2. A decay curve induced by the 342, 740, and 875 keV
transitions in 140I. The red solid line is the result of the fit using an
exponential decay curve and a constant background. The measured
half-life is shown and the number in parentheses is an error in the last
digit.

and Compton background. Uncertainties were determined by
the standard errors of the mean and fit errors in principle and
energies without them have smaller uncertainties than the order
of the last digit. The 44-keV energy could not be estimated by
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FIG. 3. γ -γ coincidence spectra for 51, 77, 102, 134, 198, 740,
953, and 1067 keV. Coincident peaks are indicated with numbers or
arrows. Some regions are enlarged for clarity. The 376-, 458-, and
775-keV peaks are from internal transitions of 140Xe. Unlabeled peaks
are random coincident backgrounds.

the above method due to the extremely low intensity. For this
energy, the uncertainty was determined by the range which
was mostly affected by the bin size of the histogram. The
relative γ -ray intensity, Iγ , was deduced by the measured
area of Gaussian function for each peak. Measured areas were
calibrated by the efficiency of detecting systems, and energies
below 400 keV were corrected by the internal conversion
effect. To determine the internal conversion coefficients,
transitions depopulating 1+ states were all assigned as E1
transitions while other transitions were assumed to be M1
transitions. These relative γ -ray intensities were normalized
to the intensity of the 51-keV transition, which was the most
intense one. More details about γ -γ coincidence energies
including those in Fig. 3 are also shown in Table I.

Figure 4 represents the internal level scheme of 140I which
was constructed by γ -γ coincidence methods. The thickness
of each transition implies the intensity based on information
in Table I. For energies lower than 300 keV, the ratios between
filled and empty spaces depict internal electron conversion
ratios. According to the feeding properties of the excited levels
of 140Xe, the spin-parity of the ground state of 140I was assigned
as (2−). We emphasize that there are two β-decay branches:
one is built from the (4−) state, as already known [16], via the
direct β decay of 140I → 140Xe, and the other is built from the
(2−) state which is the case of this work: the 140Te → 140I →
140Xe β-decay branch [17].

All spin-parity assignments are based on not only the log f t
value arguments—i.e., states with log f t values of 5.5–6.5 are
assigned as the first forbidden transitions [18–21]—but also the
shell model calculations. Levels at 926, 1188, and 1787 keV
are (1+) states based on the log f t values of 4.89(6), 5.32(6),
and 5.96(10), respectively, and the results from the shell model
calculations as shown in Fig. 5(a). A strong feeding state at
342 keV, assigned as (0−) or (1−), is most likely due to a
fast-forbidden transition, indicating the log f t values of 5.2 to
5.5 [22]. The 5.4-keV level is likely to be a (1−) state based on
the shell model calculations. Levels with a direct transition to
the ground state are assigned as (1−) or (2−) by assuming that
all transitions are M1.

IV. DISCUSSION

A. Shell model calculation

In order to assign proton-neutron configurations to the
states presented in Fig. 4, we performed large-scale shell
model calculations in the full 50 < Z < 82 and 82 < N < 126
model spaces. The potential used in these calculations was
the charge dependent Bonn potential, based on the realistic
CWG Hamiltonian [22,23] in the Z50N82 model space. The
calculations were carried out using the shell model code
KSHELL [24]. In Fig. 5, both theoretical and experimental
results are shown with the comparison between 136I and 140I
in terms of (a) energy levels, (b) configurations, and (c) G-T
strength. It should be emphasized that there are no data for the
case of 138I associated with β decay.

The shell model calculations for the 1+ states show a
clear contrast between 136I and 140I. In the case of 140I,
there is a large difference in not only the position of the 1+
state by 0.5 MeV but also the G-T strength by a few tens
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TABLE I. A summary of Eγ , multipole, relative γ -ray intensities, Iγ , placements, and coincidence γ rays in the observed γ -ray transitions
in 140I. The number in the parentheses is an error in the last digit.

Eγ (keV) Multipolea Iγ (%)b Elevel,i (keV) Elevel,f (keV) Coincidences (keV)

44.0(<1.0) M1 64.2(7.4) 44.0 0 77, 113, 646, 804, 953, 1067, 1552
51.4 M1 100(6) 51.4 0 56, 198, 134, 234, 352, 383, 583, 620, 734, 740

790, 818, 830, 875, 1136, 1601
56.0(1) M1 33.6(5.0) 107.4 51.4 51, 234, 352, 383, 583, 620, 734, 818
77.7(1) M1 47.9(5.5) 121.3 44.0 44, 113, 646, 804, 953, 1067, 1552
102.0 M1 52.4(3.4) 107.4 5.5 198, 234, 352, 383, 583, 620, 734, 818
113.8(2) M1 8.42(1.23) 235.1 121.3 44, 77, 646, 953, 1552
120.9(1) M1 6.17(71) 121.3 0 113, 646, 804, 953, 1067, 1552
134.2 M1 13.6(1.1) 185.6 51.4 51, 740, 1601
142.4 M1 15.8(1.2) 142.4 0 497, 783, 1046, 1644
185.6 M1 13.9(1.1) 185.6 0 740, 1601
198.1 E1 21.7(1.6) 925.5 727.7 51, 56, 102, 620, 722
229.4 M1 6.47(63) 235.1 5.5 646, 953, 1552
234.5 M1 24.9(1.6) 342.0 107.4 51, 56, 102, 583
342.1 M1 26.8(1.6) 342.0 0 583
351.9 M1 12.3(9) 459.4 107.4 51, 56, 102
382.6 M1 3.09(19) 490.0 107.4 51, 56, 102, 435
435.2(1) E1 2.34(51) 925.5 490.0 51, 56, 102, 383
497.0(1) M1 2.59(47) 639.4 142.4 142
583.3(2) E1 2.15(53) 925.5 342.0 51, 56, 102, 234, 342
620.3(1) M1 7.58(87) 727.7 107.4 51, 56, 102, 198
646.5(2) M1 2.47(51) 881.4 235.1 44, 77, 113, 229
722.3 M1 10.7(7) 727.7 5.5 198
734.7(1) M1 3.47(1.68) 842.0 107.4 51, 56, 102
739.8 E1 29.1(1.7) 925.5 185.6 51, 134, 185
783.3 E1 6.31(56) 925.5 142.4 142
790.6(1) M1 5.16(51) 842.0 51.4 51
804.5(2) E1 14.9(1.7) 925.5 121.3 44, 77, 121
817.8 E1 7.54(69) 925.5 107.4 51, 56, 102
830.0 M1 6.90(61) 881.4 51.4 51
875.0 E1 25.5(1.6) 925.5 51.4 51
925.1(2) E1 4.55(94) 925.5 0
952.9 E1 8.27(73) 1188.2 235.1 44, 77, 113, 229
1045.7(3) E1 0.903(449) 1188.2 142.4 142
1067.1 E1 6.21(58) 1188.2 121.3 44, 77, 121
1136.4 E1 14.4(9) 1188.2 51.4 51
1188.5(3) E1 2.41(72) 1188.2 0
1551.6(4) E1 0.639(405) 1786.9 235.1 44, 77, 113, 229
1601.1(2) E1 2.11(39) 1786.9 185.6 51, 134, 185
1644.5(2) E1 1.09(43) 1786.9 142.4 142
1787.2(2) E1 0.911(291) 1786.9 0

aγ -ray transitions from 1+ states are all assigned as E1 transitions. Other transitions are assumed to be M1 transitions.
bThe relative γ -ray intensity, Iγ , is normalized to the intensity of the 51.4-keV transition. Intensities for transitions below 400 keV are corrected
by internal conversion coefficients.

of magnitude. For 136I, the calculations show a reasonable
agreement with the experimental data in terms of excited
levels, including the three 1+ states at 2.5–3.3 MeV. Although
the expected G-T strengths are not fairly reproducible, it is
noteworthy, as shown in Fig. 5(c), that the calculated total
strength, indicating a G-T strength of about 0.22, is almost
identical to the sum of the experimental values of the three
1+ states [25]. Consequently, the experimental data suggest
that the occupancy of the νh9/2 orbital should be comparable
to that of 1+

1 in calculations, giving rise to appreciable G-T

strengths for the three 1+ states. Turning our attention to the
properties of the occupancies as shown in Fig. 5(b) we find,
first, that the 1+ states are formed due to a large contribution
of protons in the h11/2 orbital and neutrons in the h9/2 orbital.
It is apparent that a dominant occupancy in the νh9/2 orbital
gives rise to a strong G-T strength by the coupling to the
proton-dominant h11/2 orbital. Second, there is a significant
difference in the proton g7/2 and d5/2 orbital occupancies
between 136I and 140I, yielding different proton-neutron mixed
configurations when increasing the number of neutrons. It
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FIG. 4. A partial level scheme of 140I as deduced from the β decay of 140Te. The intensities of the low-lying transitions were corrected for
the electron conversion by assuming an M1 character. Energies are given in keV and Iβ− values are given in %. The number in the parentheses
is an error in the last digit.

should be noticed that their evolution is described in terms
of the neutron skin [10]. The large difference of 140I between
theory and experiment indicates that the G-T strength is
very sensitive to the nuclear structure associated with proton-
neutron configurations at low-lying energies. Such a large
deviation of the G-T strengths provides an insight that the
used interaction should be improved for reliable predictability.
For the case of 136I, in contrast, such a large deviation does
not appear, showing better agreement between theory and
experimental data. As already pointed out, the theoretical
calculation represents the G-T strength becomes enhanced in
140I; however, in the experimental result, the G-T strength
becomes suppressed in 140I. These aspects indicate that the

nuclear structure changes as the neutron number increases
beyond the N = 82 shell closure. The low-lying position of
the 1+ state may be a consequence of the onset of deformation
at N = 87, in contrast to the spherical shape at N = 83 [27].

B. Nilsson model calculation

In order to obtain a physically consistent picture of the
aspects involved in the decay of 140Te to 140I, the deformed
shell model calculation based on the Nilsson orbitals [29]
was performed. The Nilsson-BCS model including pairing
correlation calculations defines a deformed quasiparticle basis
with an asymptotic quantum number, [N,nz,�]	(= � + 
).
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FIG. 5. (a) The calculated level energies based on a large-scale
shell model with the CWG nucleon-nucleon interaction Hamiltonian
for 136I (left) and 140I (right). Experimental results for 136I are from
[16,25,26] and those for 140I are from the present work. (b) Proton
and neutron number occupancy distributions in the orbitals associated
with the formation of the first few negative parity states of interest
and the first three 1+ states for 136I (left) and for 140I (right). (c)
Theoretical (red histogram) and experimental (squares) G-T strength
distributions.

The quasiparticle energies were obtained by summing their
respective energies given by Ex =

√
(E − λ)2 + �2

p,n, where
E is the single proton or neutron energy from the Hartree-Fock
calculations, λ is the Fermi level, and �p,n are the proton or
neutron pairing strength parameters. The pairing parameters
used in this work were �p = 0.873 MeV for protons and
�n = 0.628 MeV for neutrons, which are deduced from the
recent atomic mass evaluation [28]. Figure 6 shows the result
for quasiparticle excitation energies, in the space of three major
shells N = 3,4,5 for protons and N = 4,5,6 for neutrons as
a function of the deformation quadrupole parameter, ε2. It
should be noted that the configuration is plotted based on
the adiabatic trajectory. To understand the original spherical
orbital trajectory, the diabatic lines are also included.

At a small deformation of ε2 ∼ 0.1, the observed G-T
transitions are possible from the proton-neutron interactions
between the [541]3/2, [541]1/2, [532]5/2, [532]3/2 orbitals
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FIG. 6. Calculated quasiparticle energy diagrams for 140I, based
on the deformed Nilsson model as a function of quadrupole deforma-
tion parameter, ε2. The used pairing parameters are �p = 0.873 MeV
for quasiprotons and �n = 0.628 MeV for quasineutrons deduced
from the atomic mass evaluation [28]. The Nilsson orbitals are
labeled by the asymptotic quantum number [N,nz,�]	. The grey
lines represent diabatic trajectories originated from a spherical orbital.
Red dot lines at ε2 = 0.1 are regions of interest in this work.

for neutrons and the [530]1/2, [541]3/2, [532]5/2 for protons.
Thus, the most favorable β-decay path to a 1+ state involves
the ν[541]1/2 to π [541]3/2 transition which is related to
an allowed G-T transition as �nz = 0, �� = 0, and �	 =
1. It is important to point out that both orbitals retain
significantly the spherical νh9/2 and πh11/2 character. This
πh11/2[541]3/2νh9/2[541]1/2 configuration, predicted near
1100 keV, is most likely responsible for the formation of the
1+ state observed at 926 keV, leading to the G-T strength with
log f t = 4.89(6). The weakly populated G-T transition at 1188
keV may be due to the πh11/2[532]5/2νh9/2[532]3/2 configu-
ration. We note that similar transitions to the [πh11/2νh9/2]1+
configuration have been commonly observed in odd-odd La
nuclei with Z = 57 [30–33]. It has been reported that a group
of allowed β decays in the rare-earth region have their log f t
values of 4.5 to 5.0 [34]. For example, the log f t values for the
known G-T transitions connecting the nuclei of Ho (Z = 67)
isotopic sequence with N > 82 nuclei indicate a log f t of
around 4.7. The related transitions, for Ho isotopes, were
explained in terms of the transformation due to a πh11/2 to
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FIG. 7. Systematic features of the β-decay branching ratios,
indicating percentage of the G-T distribution, to the low-lying 1+

states built on the πh11/2νh9/2 configuration in odd-odd nuclei as a
function of the neutron-proton difference, N − Z; along the isotones
(filled squares) with N = 87 and isotopes La and I (empty circles).
The grey (red online) line represents an assumed trend to guide the
eye. For future investigation, we add nuclides with N − Z = 36: 142I
and 146Cs.

νh9/2 in spherical nuclei with 82 � N � 86, the [532] orbital
pair in the N = 87 transitional nuclei, and the [523] orbital
pair in the well deformed nuclei with N > 88.

C. Systematic approach

Although the Nilsson model calculations provide good
agreements with the suppressed energies, they do not allow
the B(GT) value to be extracted from the results. Thus, to
understand the relatively weak G-T strength of 140I compared
to 136I, we have made systematic estimates with respect to
the β-branching ratio to 1+ states, as a percentage of β decays
induced by the G-T transition, in odd-odd nuclei along N = 87
isotones. For instance, the data point for 140I has 39.9%
of the β-branching ratio of three 1+ states 926, 1188, and
1787 keV. In addition, we include other neighboring nuclei
in order to verify the certainty of the related systematics.
As shown in Fig. 7, the percentage of G-T distributions to
the lower-lying 1+ states varies systematically with respect
to the neutron and proton number difference, N − Z. We
observe a significant reduction when this isospin asymmetric
parameter is increased, such that, at N − Z = 28 the G-T
branching is almost 100% while at N − Z = 34 it is down to
near 40%. A conclusion that can be drawn from the present
systematic study is that the G-T branching is expected to
be around 30% for the nuclei with N − Z = 36: 142I and
146Cs. This quenching aspect with the dependence of N − Z
(the more neutron rich, the more the reduction) supports the
suppression of the G-T strengths in 140I. Consequently, based
on the systematics of the G-T branching and the agreement

with the Nilsson model, as the isospin, Tz = (N − Z)/2,
increases in this region, we conclude that the structure of
these nuclei becomes more neutron-dominant and deformed.
For describing more specifically this effect, the associated
quenching factors with spin-flip interactions depending on
the isospin value Tz = (N − Z)/2 are needed. Therefore, this
new result strongly motivates future measurements of the
neutron-rich nuclides with N − Z = 36 and beyond.

V. CONCLUSION

In conclusion, we have provided, for the first time, the
excited states of the neutron-rich nucleus 140I through the β
decay of 140Te with the half-life of 350(5) ms. The level at
926 keV was suggested to be a (1+) state on the basis of
the log f t value, 4.89(6). The structure of this (1+) level is
interpreted as being associated with the G-T transition between
a neutron in the h9/2 orbital and a proton in the h11/2 orbital.
It is evident that shell model calculations do not describe the
observed suppression of the G-T strengths and the energies
of the newly observed 1+ states in 140I, in contrast to the
reasonable agreement with the experimental result in 136I. Such
a suppression of the energies can be described in terms of the
deformed shell model calculation based on the Nilsson model,
especially with the πh11/2[541]3/2νh9/2[541]1/2 configura-
tion. The present aspect of the G-T response at low-lying
energies, with respect to the isospin value of Tz = (N − Z)/2,
supports the suppression of the G-T strengths. In turn, this
result implies that the proton-neutron interaction between the
spin-orbital partners is crucially constrained by an excess
distribution of neutrons over protons.
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