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The change of the shell structure in atomic nuclei, so-called “nuclear shell evolution”, occurs due to changes 
of major configurations through particle-hole excitations inside one nucleus, as well as due to variation 
of the number of constituent protons or neutrons. We have investigated how the shell evolution affects 
Gamow-Teller (GT) transitions that dominate the β decay in the region below 132Sn using the newly 
obtained experimental data on a long-lived isomer in 127Ag. The T1/2 = 67.5(9) ms isomer has been 
identified with a spin and parity of (27/2+) at an excitation energy of 1942+14

−20 keV, and found to 
decay via an internal transition of an E3 character, which competes with the dominant β-decay branches 
towards the high-spin states in 127Cd. The underlying mechanism of a strong GT transition from the 127Ag 
isomer is discussed in terms of configuration-dependent optimization of the effective single-particle 
energies in the framework of a shell-model approach.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
The decay properties of unstable nuclei reflect the underlying 
nuclear-structure aspects such as single-particle and collective de-
grees of freedom, which interplay with each other and thereby give 
rise to a rich variety of phenomena, e.g., shape coexistence [1,2], 
neutron halo/skin structures [3,4], and nuclear isomers [5,6]. From 
astrophysical point of view, a breadth of knowledge on radioactive-
decay processes is required for a better description of nucleosyn-
thesis under (explosive) stellar environments [7]. In the rapid-
neutron capture (r) process [8], for instance, the β-decay proper-
ties of neutron-rich isotopes far from stability play an important 
role in forming the abundance pattern, in particular, the three 
prominent peaks around mass numbers A = 80, 130, and 195, 
which are fingerprints stemming from the shell closures at neutron 
numbers N = 50, 82, and 126, respectively [9]. Thus, understand-
ing the radioactive decays and associated nuclear structure is one 
of the key factors that will lead to a comprehensive understand-
ing of the question of how the elements from iron to uranium are 
created in the universe.

New results in the field of nuclear physics obtained in the last 
two decades [10] include new or lost magic numbers in some 
regions of exotic nuclei with an extremely unbalanced ratio of 
protons and neutrons [11]. This novel phenomenon emerges as 
a result of change of single-particle energies (SPEs), or alterna-
tively called shell evolution, in which the monopole component of 
the nucleon-nucleon interaction plays a pivotal role [12,13]. It is 
widely known nowadays that the shell structure varies with the 
proton or neutron number, whereas the other important cause of 
shell evolution, being due to particle-hole excitations in exotic nu-
clei [14], remains poorly understood. In this Letter, we focus on the 
effect of shell evolution on Gamow-Teller (GT) transitions, which 
dominate the β decay in the south-west region of the doubly 
magic nucleus 132Sn. The experimental probe is a previously un-
reported high-spin isomer in 127Ag (proton number Z = 47 and 
N = 80), which enables an exploration of the daughter levels at 
high spins that are normally inaccessible by other means.

The present work has been conducted at Radioactive Isotope 
Beam Factory (RIBF) [15] as part of the EURICA project [16]. A ra-
dioactive isotope beam of 127Ag was separated/identified through 
the fragment separator BigRIPS [17], following its production via 
in-flight fission of a 345-MeV/u 238U86+ beam incident on a 
3-mm thick Be target. With an average beam intensity of 10 
pnA, about 1.5 million 127Ag fragments were implanted into the 
WAS3ABi active stopper [16] that consisted of eight 60 × 40 × 1
mm double-sided silicon-strip detectors (DSSSDs) stacked com-
pactly. The DSSSDs also served to detect β rays and internal con-
version (IC) electrons emitted subsequently from the implanted 
ions. Gamma rays were detected by 12 Cluster-type high-purity 
Ge detectors [18].
2

In 127Cd, the β-decay daughter of 127Ag, an isomeric state with 
T1/2 = 17.5(3) μs and Jπ = (19/2+) was previously identified at 
1560 keV relative to the 11/2− state [19]. In the present work, 
the 739- and 821-keV γ rays, which were assigned as forming 
the (19/2+) → (15/2−) → 11/2− cascade in 127Cd [19], have been 
unambiguously observed following the 127Ag implantation, as ex-
hibited in Fig. 1(a). It is unlikely that such high-spin states are 
populated in the β decay from the ground state of 127Ag, which 
is supposed to have Jπ = 9/2+ from the level systematics for 
the lighter odd-A Ag isotopes [20]. Therefore, this observation is 
a clear indication that there is a β-decaying isomer at high spin in 
127Ag (hereinafter denoted as 127mAg).

The level scheme of 127Cd populated in the β decay from 
127mAg is depicted in Fig. 2 (lower), where the excitation energies 
are calculated relative to the 11/2− state, which was identified as 
a long-lived isomer, along with the 3/2+ ground state, from recent 
mass measurements [21,22]. The placement of transitions above 
the 1560-keV state is based on their (prompt) coincidence relation-
ships, as demonstrated in Figs. 1(b) and 1(c). The half-life of the 
(19/2+) isomer derived from a γ -γ time difference [see Fig. 3(a)] 
is in good agreement with the previously reported value [19]. Fur-
thermore, a fit to the time difference between the 242- and 306-
keV γ rays yields T1/2 = 8.9(5) ns [Fig. 3(b)]. Since the reduced 
transition probability for Eγ = 242 keV, B(E2) = 1.9(1) W.u., is 
comparable to the corresponding 23/2+ → 19/2+ transitions in 
the N = 79 isotones 129Sn [23] and 125Pd [24], the 8.9-ns iso-
mer in 127Cd is assigned Jπ = (23/2+). The β-branching ratio Iβ
to each excited state was derived from the intensity balance be-
tween the incoming and outgoing transitions, taking into account 
the efficiency-corrected γ -ray intensities that are summarized in 
Table 1 and theoretical total conversion coefficients for possible 
multipolarities. It should be noted that the Iβ values evaluated 
here are considered as upper limits, due to possible unobserved 
feedings from higher-lying states [25]. (Such unobserved γ rays, 
whose relative intensity is expected to be 1% or less, if any, will 
not cause a serious change in the deduced Iβ .) Since there is no 
apparent β feeding (Iβ ≈ 0) to the Jπ = (23/2+) state in 127Cd, 
the spin of 127mAg is expected to be 27/2 or higher.

For 127Ag, nothing is known so far about its excited level struc-
ture. In Fig. 1(d), six γ -ray peaks become prominent when gating 
on electrons at low energy in DSSSD, where IC electrons are pre-
dominant over β rays in case there exists a long-lived isomer that 
undergoes internal transition (IT) [28–31]. Therefore, these γ rays 
are expected to follow the IT decay from 127mAg. The 687-keV 
transition is assigned as (13/2+) → (9/2+) based on its intensity 
and the systematics for the lighter odd-A Ag isotopes [32,20]. In 
Figs. 3(c)-3(e), the 687-keV γ ray exhibits a similar time behavior 
to the 739- and 242-keV transitions of 127Cd, suggesting that they 
originated from one isomeric state. A weighted average of the re-

http://creativecommons.org/licenses/by/4.0/
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Fig. 1. Energy spectra of γ rays (a)-(e) and electrons (f) measured within 100 ms after implantation of 127Ag ions with coincidence gates as indicated in squares. In the 
panel (f), the dashed red and solid blue lines represent the results of Monte Carlo simulations with and without consideration for the detector resolution, respectively, for 
E IT = 150 keV.

Fig. 2. Experimental and theoretical level schemes of 127Ag and 127Cd. The widths 
of vertical arrows are proportional to the γ -ray intensities summarized in Table 1. 
Q β = 10090(200) keV [26] and Ex = −285(8) keV for the Jπ = 3/2+ level in 
127Cd [27] are taken into account in the calculation of log f t . Spins and parities 
in parentheses represent tentative ones.

Fig. 3. Decay curves and associated fits for γ -γ time differences (a)-(b) and γ rays 
relative to implantation of 127Ag ions (c)-(e).

spective fits to the decay curves results in T1/2 = 67.5(9) ms for 
127mAg. It should be noted that the measured isomeric half-life is 
somewhat shorter than 89(2) ms, the value reported previously on 
127Ag [33], which should mainly reflect the ground-state half-life. 
The IT/β-branching ratios are determined to be 8.8(8)/91.2(8) % 
from the total intensities of the 687-keV (127Ag) and 242-keV 
(127Cd) transitions.

The IT-decay scheme from 127mAg is proposed as displayed in 
Fig. 2 (upper). It was found by a γ -γ coincidence analysis [see 
Fig. 1(e)] that two parallel cascades via 56 − 787 and 70 − 773
keV intervene between the 687- and 262-keV transitions. The lev-
els at 1460 and 1474 keV were tentatively assigned (17/2+) and 
(15/2+), respectively, which are interpreted as a proton in the g9/2
orbital coupled to the 4+

1 state at 1481 keV in the neighboring 
N = 80 isotone 126Pd [34]. The total conversion coefficients αT of 
the 56- and 70-keV transitions were evaluated to be smaller than 
0.7 and 0.2 (within one standard deviation) from the intensity bal-

ance analysis for the respective cascades. Such small αT values are 
3
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Table 1
Summary of transitions in 127Cd and 127Ag populated in the decay from 127mAg.

Nucleus Eγ (keV) Iγ (%)a Initial state Final state

Ex (keV)b Jπ Ex (keV)b Jπ

127Cd 242.1 100 1801.8 (23/2+) 1559.7 (19/2+)

306.3 63(3) 2108.1 (25/2−) 1801.8 (23/2+)

711.0 24(3) 711.0 (13/2−) 0.0 11/2−
738.6 84(4) 1559.7 (19/2+) 821.1 (15/2−)

779.4 10(2) 2887.5 2108.1 (25/2−)

794.4 11(2) 3559.3 (29/2+) 2765 (25/2+)

821.1 89(4) 821.1 (15/2−) 0.0 (11/2−)

848.7 12(2) 1559.7 (19/2+) 711.0 (13/2−)

963.1 26(4) 2764.9 (25/2+) 1801.8 (23/2+)

1010.4 7.3(18) 3118.5 2108.1 (25/2−)

1063.8 27(4) 3171.9 (27/2+) 2108.1 (25/2−)

1077.6 2.1(12) 3185.7 2108.1 (25/2−)

1151.9 4.2(13) 3260.0 2108.1 (25/2−)

1355.4 6.1(18) 3157.2 1801.8 (23/2+)

1370.1 7.5(20) 3171.9 (27/2+) 1801.8 (23/2+)

1648.0 4.1(15) 3449.8 1801.8 (23/2+)

127Ag 56.3 3.3(12) 1530.0 (17/2−) 1473.7 (15/2+)

70.4 6.6(12) 1530.0 (17/2−) 1459.6 (17/2+)

150+14
−20 3.3+1.4

−1.5
c 1942+14

−20 (27/2+) 1792.1 (21/2−)

262.1 10.1(12) 1792.1 (21/2−) 1530.0 (17/2−)

686.7 10.3(10) 686.7 (13/2+) 0.0 (9/2+)

772.9 6.4(8) 1459.6 (17/2+) 686.7 (13/2+)

787.1 3.9(6) 1473.7 (15/2+) 686.7 (13/2+)

a Relative to the intensity of the 242-keV γ ray in 127Cd.
b Relative energy from the 11/2− state in 127Cd (upper) and from the (9/2+) state in 127Ag 

(lower).
c Estimated from the balance of the total transition intensity (1 + αT )Iγ with the 262-keV 

transition in 127Ag.
indicative of E1 character, whereby the 1530-keV state is assigned 
(17/2−). Similarly, the value obtained for the 262-keV transition, 
αT = 0.02(15), is consistent with dipole and quadrupole multipo-
larities within the margin of error. As the 1792-keV state decays 
only to the (17/2−) level, but neither to the lower-lying (15/2+)

nor (17/2+) levels, Jπ = (21/2−) is assigned for this level.
In the electron energy (Ee) spectra shown in Fig. 1(f), a bunch 

of events emerge at Ee � 250 keV with a sum of gates on the IT γ
rays. They are ascribed mainly to the IC (and the following atomic) 
processes for the transition(s) de-exciting 127mAg. Note that the 
emission of γ ray that competes with the IC process can not be 
viewed in Fig. 1(d) by gating on Ee = 105 − 170 keV. To estimate 
the de-excitation energy in the IT-decay branch (E IT), we have con-
ducted Monte Carlo simulations using the GEANT4 toolkit [35] by 
taking into account the observed decay schemes (Fig. 2) with the 
assumption that 127mAg decays via a single E3 transition. The ob-
served IT-γ gated Ee spectrum was fitted to a detector response 
function, which was determined by the simulation performed for a 
given value of E IT with an energy resolution of 50 keV (FWHM) for 
the DSSSDs. The χ2 analysis resulted in E IT = 150+14

−20 keV with the 
1σ confidence interval, for which the B(E3) value is evaluated to 
range from 0.2 to 0.49 W.u., comparable to those observed in this 
region (see Table 2 in Ref. [36]). Based on these arguments, 127mAg 
is assigned Jπ = (27/2+) at Ex = 1942+14

−20 keV.
As can be seen in Fig. 2, the state at 3172 keV in 127Cd is most 

strongly populated with log f t = 4.69(9), obviously indicating the 
occurrence of an allowed GT transition. This value is close to log f t
= 4.4 derived for the β decay from the 9/2+ ground state in 131In 
to the first 7/2+ state in 131Sn [37], which also proceeds predom-
inantly with the GT transition. (For the 131In → 131Sn GT transi-
tion, a comparison with a shell-model calculation is presented in 
Ref. [38].) The β feedings towards the 3559- and 2765-keV states 
are found to have log f t = 5.08(11) and 5.13(14), respectively, 
which are comparable to those derived from the decays in the 
lighter Ag isotopes, 124,126Ag (8−) → 124,126Cd (7−) [39] and 123Ag 
(7/2+) → 123Cd (5/2+) [40]. Thus, the 3559- and 2765-keV states 
4

of 127Cd are also interpreted as being populated via allowed tran-
sitions. In conjunction with the observed feeding patterns towards 
the lower-lying levels, the 3559-, 3172-, and 2765-keV states are 
assigned (29/2+), (27/2+), and (25/2+), respectively.

With the aim of understanding the observed level structure and 
GT transitions, we performed shell-model calculations in the same 
framework as our previous study on 123Ag and 125Ag [20]: The 
model space considered includes four orbitals in the Z = 28 − 50
major shell for protons and five orbitals in the N = 50 − 82 ma-
jor shell for neutrons above the inert core 78Ni, and the effective 
nucleon-nucleon interaction arises from the monopole-based uni-
versal interaction V MU [12] plus a spin-orbit force taken from 
the M3Y interaction [41]. The V MU interaction, which consists of 
the finite-range central force and the spin-isospin dependent ten-
sor force, was applied successfully to other nuclei [42–44]. Being 
different from the previous study [20], there is no constraint on 
the orbital occupancy within the model space in the present cal-
culations. As compared in Fig. 2, both for 127Ag and 127Cd, the 
shell-model calculations provide an adequate description of the ob-
served level structure up to J = 29/2. The lowest 27/2+ state in 
127Ag is predicted to be a long-lived isomer, which decays via an 
M2 transition or/and an E3 transition, the latter being consistent 
with what was observed experimentally.

In the Z < 50 and N ≤ 82 region, β decay proceeds mainly with 
GT transitions that involve the transformation of a neutron (ν) in 
the g7/2 orbital to a proton (π ) in the g9/2 orbital. Thus, the GT 
transition strength B(GT) is sensitive to the occupancy of νg7/2
and the vacancy of πg9/2. The measured and calculated B(GT) val-
ues are summarized in Table 2. For the GT transitions from the 
27/2+ state in 127Ag to the 25/2+ , 27/2+ , and 29/2+ states in 
127Cd, the B(GT) values obtained in the present calculation com-
pare well with the respective experimental values. Here, all the 
theoretical B(GT) values were calculated using a quenching fac-
tor of 0.6, which was adopted so that the predicted half-lives of 
the ground and isomeric states of 127Ag are comparable to the ob-
served values. The quenching of B(GT) is considered to arise from 
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Table 2
B(GT) values from the 27/2+ state of 127Ag. The experimental B(GT) values are 
evaluated as B(GT)ex = 6147

f t(g A /gV )2 with g A/gV = −1.266 [49], while all the shell-

model B(GT)th values are multiplied by the square of a quenching factor of 0.6.

Transition B(GT)ex B(GT)th

127Ag(27/2+) → 127Cd(27/2+) 0.078(16) 0.088
127Ag(27/2+) → 127Cd(29/2+) 0.032(8) 0.024
127Ag(27/2+) → 127Cd(25/2+) 0.028(9) 0.014

lacking many-body correlations and neglected contributions from 
meson-exchange currents in nuclear models [45]. The first effect is 
ascribed predominantly to the insufficient single-particle descrip-
tion of the nuclear level. In the present shell-model calculation, as 
the proton orbitals above Z = 50 and the neutron orbitals below 
N = 50 are not included explicitly in the model space, some of the 
proton particle-neutron hole matrix elements of a one-body GT op-
erator, such as the πg7/2-νg−1

7/2 and πg7/2-νg−1
9/2 pairs, are missing. 

The inadequacy of such first-order components in the model space 
may be a possible cause of the slightly smaller quenching factor 
adopted in the current calculation than in the previous shell-model 
works [38,46,47]. However, further discussion about the origin of 
the quenching phenomenon is beyond the scope of this article, 
and a calculation of B(GT) for the 27/2+ isomeric decay with an 
extended model space remains a challenge for future theoretical 
works.

To gain a further insight into the underlying mechanism of the 
GT β decay from 127mAg, the shell-model wave functions of the 
parent and daughter 27/2+ states are analyzed: The configuration 
of the 27/2+ state in 127Ag is dominated by the π(g−3

9/2) ⊗ν(h−2
11/2)

component with an amplitude of 80%. This dominant component 
can give rise to 27/2+ through the coupling of the π(g−3

9/2)7/2+ ex-

citation to the ν(h−2
11/2)10+ state, which was identified previously 

as a long-lived (10+) isomer in the neighboring N = 80 isotone 
126Pd [28]. Concerning the 27/2+ state in the daughter nucleus 
127Cd, the probability of the π(g−2

9/2) ⊗ ν(g−1
7/2h−2

11/2) component is 
66%, thereby yielding a sizable B(GT) value from the parent 27/2+
state via the νg7/2 → πg9/2 transition. With this leading compo-
nent, a spin and parity of 27/2+ is generated as a result of a fully 
aligned coupling of one g7/2 and two h11/2 neutron holes (together 
with an inactive proton-hole pair coupled to spin zero).

In the present shell-model calculation, the effective SPEs (ES-
PEs) are computed on a configuration-by-configuration basis. 
When an orbital jb is filled, the shift of ESPE of an orbital ja , 
	ε ja , depends on the expectation value of the occupation number 
n jb [48]; 	ε ja = vm, ja jb n jb , where vm, ja jb represents the monopole 
component of a given two-body interaction between the nucleons 
in ja and jb . Thus, the ESPE optimization occurs differently for 
each (excited) state due to different occupation patterns and the 
orbital dependences of the monopole interaction. Figs. 4(a)/4(b) 
exhibit the proton/neutron ESPEs and their respective occupation 
numbers expected for the 9/2+ and 27/2+ states in 127Ag and 
for the 11/2− and 27/2+ states in 127Cd. The proton and neutron 
SPEs shown in the middle column in Fig. 4 correspond to the ex-
citation energies of the empirical single-hole states in 131In and 
131Sn, respectively.

Comparing the ESPEs at the 11/2− and 27/2+ states in 127Cd 
[see the fourth and fifth columns in Figs. 4(a) and 4(b)], one can 
notice two important aspects: Firstly, the energy spacing between 
the πg9/2 and π p1/2 orbitals, which defines the Z = 40 subshell 
gap [20], increases by a factor of 3 or more along with the ex-
citation from 11/2− to 27/2+ . As such an enlargement of the 
energy gap tends to hamper the cross-shell excitation, the π(g−2

9/2)

coupling is energetically favored in the two proton-hole nucleus. 
Secondly, the order of the νg7/2 and νd5/2 orbitals is inverted. 
A similar level inversion is also found for the νh11/2 and νd3/2
5

Fig. 4. Effective single-particle energies (ESPEs) of proton (a) and neutron (b) at the 
11/2− and 27/2+ states in 127Cd and the 9/2+ and 27/2+ states in 127Ag given 
in the current shell-model calculation. In the central column, the SPEs in 132Sn are 
exhibited for reference. Numbers in parentheses represent the occupation number. 
The dashed lines connecting the same shell orbitals are a guide to the eye.

orbitals. Due to these modifications in the neutron ESPEs, the 
ν(g−1

7/2h−2
11/2) coupling is allowed to manifest itself at rather low 

energy in the three neutron-hole system. Thus, both the proton 
and neutron ESPEs are optimized so that the lowest 27/2+ state 
of 127Cd has a large proportion of the π(g−2

9/2) ⊗ ν(g−1
7/2h−2

11/2) con-

figuration. Compared to the 11/2− ⇒ 27/2+ excitation in 127Cd, 
the inversion of the νg7/2 and νd5/2 orbitals is predicted to hap-
pen more steeply for the 9/2+ ⇒ 27/2+ excitation in 127Ag, as 
illustrated from the second to first column in Fig. 4(b). The up-
ward drift of νg7/2 approaching the Fermi surface enables to 
facilitate the removal of a neutron from that orbital. Therefore, 
for both the parent and daughter nuclei, the ESPE optimiza-
tion takes place in order to enhance a GT β decay between the 
high-spin states. Such configuration-dependent optimization mech-
anism, called “self-organization [42]”, is suggested to play a crucial 
role in various aspects of atomic nuclei consisting of protons and 
neutrons.

The most notable feature in the ESPE plots shown in Fig. 4
is that the νg7/2 orbital rises quickly not only when the system 
moves away from the doubly magic nucleus 132Sn, but also when 
changing major configurations within the same nucleus. The main 
cause of this orbital shift is a decrease in the occupancy of the 
πg9/2 orbital, which leads to a loss of an attractive monopole in-
teraction that works strongly between the spin-orbit pair, πg9/2
and νg7/2. The shell evolution due to varying proton or neutron 
number is called Type I shell evolution [14], and its effect on the 
β-decay properties of the r-process nuclei around N = 82 was dis-
cussed in Refs. [38,47]. In contrast to the more conventional Type I 
shell evolution, the present study on the high-spin isomer in 127Ag 
indicates that a combined effect of the proton-neutron monopole 
interaction and changes of major configurations (referred to as 
Type II shell evolution [14]) is significant for developing a GT β
decay from (long-lived) excited states that involve specific particle-
hole excitations.

In summary, a previously unreported isomer with a half-life of 
67.5(9) ms has been identified at an excitation energy of 1942+14

−20
keV in 127Ag. This isomeric state was tentatively assigned (27/2+), 
and found to undergo an internal E3 decay and external β decay 
with a strong Gamow-Teller (GT) transition towards the (27/2+)
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state in the daughter nucleus 127Cd. The observed level energies 
and GT transition strengths were well reproduced by the shell-
model calculations, in which the effective single-particle energies 
(ESPEs) are calculated on a configuration-by-configuration basis. In 
comparison with the shell model, we shed light on the effect of 
shell evolution, which occurs not only with variation of proton 
or neutron number, but also with changes of major configura-
tions inside one nucleus. It turned out that the shell evolution (i.e., 
ESPE optimization) takes place so that the GT transition between 
high-spin states is enhanced. Such configuration-dependent opti-
mization of the ESPEs plays an important role in determining the 
β-decay properties of very neutron-rich nuclides in this region rel-
evant to the r-process nucleosynthesis.
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