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a b s t r a c t
The neutron-rich isotopes of palladium have attracted considerable interest in terms of the evolution of
the N = 82 neutron shell closure and its inﬂuence on the r-process nucleosynthesis. In this Letter, we
present the ﬁrst spectroscopic information on the excited states in 125 Pd79 and 127 Pd81 studied using
the EURICA γ -ray spectrometer, following production via in-ﬂight ﬁssion of a high-intensity 238 U beam
at the RIBF facility. New isomeric states with half-lives of 144(4) ns and 39(6) μs have been assigned
spins and parities of (23/2+ ) and (19/2+ ) in 125 Pd and 127 Pd, respectively. The observed level properties
are compared to a shell-model calculation, suggesting the competition between proton excitations and
neutron excitations in the proton-hole and neutron-hole systems in the vicinity of the doubly magic
nucleus 132 Sn.
© 2019 The Author(s). 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 .

Atomic nuclei are self-bound, quantum many-body systems
consisting of two types of constituents (nucleons), protons and
neutrons, which interact strongly with each other in a ﬁnite volume. The protons and neutrons respectively occupy their singleparticle orbits in a mean-ﬁeld potential, giving rise to a distinct
pattern of the energy spacing between the orbits, so-called shell
structure. In a shell-model approach, individual energy/spin eigenstates are described as the combination of proton and neutron
conﬁgurations formed within the available model space assuming a doubly closed-shell nucleus as an inert core; therefore, a
main diﬃculty is ascribed to an increasing number of conﬁgurations that have to be dealt with in the calculation, when increasing
the proton/neutron valency moving away from the closed shells.
Nowadays, the shell structures are known to be changed with the
variation of the proton or neutron number, as well as with speciﬁc
particle-hole excitations within the same nucleus, due predominantly to the monopole part of the proton-neutron interaction
that includes the central and tensor forces [1,2]. Such a shell evolutionary behavior is expected to become pronounced when the
proton-neutron imbalance is very large, leading to lost or new
magic numbers (see, for instance, Ref. [3] and references therein).
As such, spectroscopic studies of short-lived rare isotopes (exotic
nuclides) around proton/neutron shell closures are of crucial signiﬁcance in corroborating the shell evolution far off stability. The
available spectroscopic data of excitation spectra can serve as a
good testing ground for developing nuclear shell models.
The advent of the new generation in-ﬂight-separator facility,
the RI-Beam Factory (RIBF) in RIKEN Nishina Center [4], has enabled us to explore previously inaccessible nuclear regions with
a highly unbalanced ratio of neutrons to protons [5]. Concerning
neutron-rich palladium (46 Pd) isotopes, those with A = 125 − 131
(N = 79 − 85) have been identiﬁed as new isotopes at RIBF [6–8],
followed by spectroscopic studies by means of β - and isomericdecay measurements [9–11] and in-beam γ -ray spectroscopy [12]
in the last decade. Especially emphasized is that the delayed γ -ray
measurements following isomeric decays can provide a powerful
tool for investigating the excited level structure, in particular, when
the nucleus of interest lies at the boundaries of availability for
spectroscopic studies. For 128 Pd82 , which is a presumed waitingpoint nucleus that contributes signiﬁcantly to the formation of the
second peak in the r-process solar abundance distribution [13,14],
a seniority isomer with a spin and parity of (8+ ) had been identiﬁed, serving as an indirect evidence for the robustness of the N =
82 shell closure [10]. In the two-neutron-hole neighbor 126 Pd80 ,
it turned out that the proton-neutron monopole properties of the
central and tensor forces play an important role in the emergence
of the long-lived (10+ ) isomer [11]. Compared to such even-even
systems, neighboring odd-mass nuclei exhibit more complicated
excitation spectra, which provide crucial information on the effect

of unpaired nucleons on the level structure. This Letter presents
previously unreported isomeric states and their decay properties
in 125 Pd79 and 127 Pd81 , which have three and one neutron holes
relative to the N = 82 shell closure, respectively. The obtained results are compared to a shell-model calculation, which predicts the
competition between proton and neutron excitations in the protonhole and neutron-hole systems in the south-west quadrant of the
doubly magic nucleus 132 Sn.
The neutron-rich odd- A palladium isotopes, 125 Pd and 127 Pd,
were separated through the BigRIPS in-ﬂight separator [15], following production via in-ﬂight ﬁssion of a 238 U86+ beam at 345
MeV/u incident on a beryllium target with a thickness of 3 mm.
The primary beam intensity ranged from 7 to 12 pnA during the
experiments. About 3.1 × 105 (125 Pd46+ ) and 8.7 × 103 (127 Pd46+ )
ions were transported through the BigRIPS-ZeroDegree spectrometer and ﬁnally implanted into the WAS3ABi active stopper, which
consisted of eight layers of double-sided silicon-strip detectors
(DSSSDs) stacked compactly [16]. Each DSSSD had a thickness of
1 mm with an active area segmented into sixty and forty strips
(1-mm pitch) on each side in the horizontal and vertical dimensions, respectively. Gamma rays emitted following the heavy-ion
implantation and their subsequent radioactive decay were detected by the EURICA γ -ray spectrometer [16,17], consisting of
12 Cluster-type detectors, each of which contained seven HPGe
crystals packed closely. The methodology of how to analyze the
experimental data taken with the EURICA setup is described in detail in a recent review article [18].
Since 125 Pd and 127 Pd were discovered as new isotopes at
RIBF [6,7], their spectroscopic information has so far been limited only to the ground-state β -decay half-lives [9]. In the present
work, γ rays emitted from the excited states in these neutron-rich
odd- A nuclei have been observed for the ﬁrst time. Detailed experimental results of each isotope are described as follows:
For 125 Pd, four γ rays at energies of 108, 115, 757, and 825 keV
are clearly visible within a time interval of 250 − 1250 ns after the
ion implantation, as exhibited in Fig. 1(a). They are unambiguously
assigned as the transitions forming a single cascade from an isomeric state, which can be conﬁrmed by their mutual coincidence
as demonstrated in Fig. 1(b), as well as by their consistent time
behavior as summarized in the last column of Table 1. An example
of the time spectrum obtained with a gate on the 757-keV γ ray
is shown in Fig. 2(a). A weighted average of the respective ﬁts to
the decay curves results in an isomeric half-life of 144(4) ns.
According to the β -decay studies of 125 Pd [21] carried out
in parallel with the present analysis, there are two β -decaying
states with similar half-lives, as systematically found in neutronrich odd- A isotopes of 50 Sn and 48 Cd with N  82 [23,24]. Either
a spin-parity of 11/2− or 3/2+ is assigned for the β -decaying isomer, and the counterpart for the ground state. The β decay from
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Fig. 1. Gamma-ray energy spectra measured in the present work. The coincidence gate conditions are as follows. (a) and (b): Within a time range of 250 − 1250 ns after
implantation of 125 Pd ions. Contaminants are marked with asterisks. An additional gate is set on the 757-keV γ ray to make the coincidence spectrum shown in the panel
(b). (c) and (d): Within a time interval of 0 − 200 ms following implantation of 125 Pd ions correlated with β rays. Long-lived activities have been subtracted. In the panel (c),
γ rays assigned previously in the decay scheme from an isomeric state at 1501 keV towards the (9/2+ ) state in 125 Ag [19,20] are labeled with their energy values, while
transitions reported as feeding the (1/2− ) state [21] are marked with diamonds. The coincidence spectrum shown in the panel (d) is obtained with a sum of additional gates
on the 108-, 115-, 757-, and 825-keV γ rays, which are observed within a 900-ns time window opened 100 ns after the ion implantation. (e) and (f): Within a time range
of 0.25 − 100 μs after implantation of 127 Pd ions. An additional gate is set on the 422-keV γ ray to make the coincidence spectrum shown in the panel (f).
Table 1
Summary of transitions from the isomeric states in

125

127

Pd. Each column shows the initial level energy E i , spin and parity of the initial (ﬁnal) state J iπ ( J πf ),

γ -ray
σ λ, total conversion coeﬃcient αTcal calculated by the BrIcc code [22], relative γ -ray intensity I γ , total transition intensity
derived from a ﬁt to the γ -ray time distribution.
Pd and

energy E γ , electromagnetic transition multipolarity
I tot = (1 + α Tcal ) I γ , and half-life T 1/2
E i a [keV]

J iπ

E γ [keV]

σλ

αTcal

I γ b [relative]

I tot [relative]

T 1/2 (γ )

Pd79

1805.2
1696.8
756.6
1581.5

(23/2+ ) → (19/2+ )

(19/2+ ) → (19/2− )
(15/2− ) → (11/2− )
(19/2− ) → (15/2− )

108.4(1)
115.32(6)
756.56(9)
824.94(9)

E2
E1
E2
E2

1.05
1.02 × 10−1
1.95 × 10−3
1.58 × 10−3

48(6)
100(11)
100(11)
93(11)

99(13)
110(12)
100(11)
93(11)

138(11) ns
151(9) ns
153(7) ns
134(7) ns

Pd81

1717.9
1295.5

(19/2+ ) → (15/2− )
(15/2− ) → (11/2− )

422.4(1)
1295.5(2)

M2
E2

3.01 × 10−2
6.00 × 10−4

100(21)
105(24)

103(21)
105(24)

41(8) μs
36(9) μs

Nucleus
125

127

a
b

→

J πf

Relative to the respective (11/2− ) states.
Relative to the 757-, and 422-keV γ -ray intensities for

125

Pd and

127

Pd, respectively.

the 11/2− state is likely to feed J = 9/2, 11/2, and 13/2 levels in
the daughter nucleus, while comparatively low-spin states can be
populated in the β decay from the 3/2+ state. As an example of
the 125 Pd → 125 Ag decay, a β -delayed γ -ray spectrum measured
within 200 ms after implantation of the 125 Pd ions is shown in
Fig. 1(c). The 670-, 684-, 714-, and 728-keV γ rays, which were
reported previously as the transitions involved in the cascade sequences from the (17/2− ) isomer at 1501 keV to the presumed
(9/2+ ) ground state in 125 Ag [19,20], are unambiguously observed,
supporting the presence of the (11/2− ) state in 125 Pd that undergoes β decay to 125 Ag. In addition to these known transitions, it
was found that several new γ rays emerge, being assigned as feeding the low-spin states in 125 Ag. Further details of the β -γ analysis
will be presented elsewhere [21].
In order to clarify on which β -decaying state ( J π = 3/2+
or 11/2− ) the aforementioned 144-ns isomer is built in 125 Pd,
the correlation between the β -delayed γ rays and the preceding
isomeric-decay transitions has been conﬁrmed. Fig. 1(d) shows a
γ -ray energy spectrum created under the same gate condition for
the implant-β -γ correlation as that used for Fig. 1(c), and additionally, with a sum of energy gates on the 108-, 115-, 757-, and
825-keV γ rays observed within a 0.1 − 1.0 μs time interval after
implantation of the 125 Pd ions. With this constraint on the “isomer
implantation” events, it is expected that delayed γ rays following
the β decay from the state to which the 144-ns isomer ﬁnally decays can be enhanced, compared to the transitions populated from
the other β -decaying state. It can be seen in Fig. 1(d) that γ -ray
peaks at 670 and 714 keV, which were previously assigned as the
(11/2+ ) → (9/2+ ) and (13/2+ ) → (9/2+ ) transitions in 125 Ag, respectively [19,20], are clearly visible, while the other γ rays reduce

their peak counts as low as the background ﬂuctuations. Therefore,
the 144-ns isomer turned out to be built on the β -decaying state
with J π = (11/2− ) in 125 Pd, though it is still unclear whether
this level is the ground state or the long-lived isomer from the
present experimental result. Note that whichever the (11/2− ) level
is, the ground state or the long-lived isomer, the discussions and
conclusions regarding higher-lying levels presented below are not
changed. The excitation energy of the 144-ns isomer was determined to be 1805 keV relative to the (11/2− ) state.
The level scheme of 125 Pd established in the present work is
exhibited in Fig. 3 (left). The order of the 757- and 825-keV cascade transitions was determined in comparison with the 693-keV
[(2+ ) → 0+ ] and 788-keV [(4+ ) → (2+ )] transitions in the neighboring N = 80 isotope 126 Pd [11]. However, the possibility of inversion of these transitions can not be entirely ruled out due to the
closeness of their energies. The levels at 757 (or 825) and 1582
keV relative to the (11/2− ) state were tentatively assigned spins
and parities of 15/2− and 19/2− , respectively, which are interpreted as a neutron (hole) in the h11/2 orbital coupled to the (2+ )
and (4+ ) states in 126 Pd. Meanwhile, the 15/2+ assignment for
the 1582-keV state, the analog of the one observed in the N = 79
isotone 129 Sn [25], can be ruled out because of the absence of a
competing E1 branch towards a (presumed) 13/2− state, which
−1
+
arises predominantly from the ν h11
/2 ⊗ 2 multiplet, and there-

fore, is expected to appear in the proximity of the (15/2− ) state.
The transitions of 108 and 115 keV are placed in cascade above
the 1582-keV level. For the 108-keV transition, a total internal
conversion coeﬃcient α T of 1.1(3) can be deduced from its γ -ray
intensity being compared to the total intensity of the 757-keV, E2
transition, see Table 1. This α T value is in good agreement with the
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Fig. 2. (a): Time spectrum (t γ ) of the 757-keV γ ray in 125 Pd. (b): Time difference
spectrum ( t γ γ ) of the 115-keV γ ray relative to the 108-keV transition in 125 Pd.
(c) and (d): Sum of t γ γ of the 757- and 825-keV γ rays relative to the 115- and
108-keV transitions in 125 Pd, respectively. (e): t γ of the 422-keV γ ray in 127 Pd. In
the panels (a) and (e), the red solid lines represent the results of a log-likelihood
ﬁt.

Fig. 3. Level schemes of 125 Pd and 127 Pd established in the present work. Each level
is labeled with the spin-parity ( J π ) and energy (relative to the 11/2− state) values.
The measured (isomeric) half-lives are indicated in bold. The widths of solid arrows
are proportional to the γ -ray relative intensities summarized in Table 1.

theoretical value of 1.05 for an E2 multipolarity [22]. Similarly, the
value obtained from the intensity balance analysis for the 115-keV
transition, α T = 0.0(1), is consistent only with an E1 multipolarity
within the margin of error. The ordering of these transitions was
determined based on the arguments on transition strengths. If the
108-keV (E2) transition were placed below the 115-keV (E1) transition, an intermediate state presumed at 1690 keV should have
a half-life of the order of a few or several hundreds of nanoseconds [e.g. T 1/2 ≈ 500 ns given the reduced transition probability
B ( E2) = 1 W.u. for the 108-keV transition]. This is at variance
with what was observed from time difference spectra having al-

most symmetric distributions, as shown in Figs. 2(b), 2(c), and 2(d).
Therefore, we conclude that the 108-keV transition deexcites the
144-ns isomer at 1805 keV relative to the (11/2− ) state, followed
by the 115-keV transition that feeds the 1582-keV level. It is to
be noted that the measurement of the prompt relative-time distributions shown in Figs. 2(b), 2(c), and 2(d) also indicates that
neither the (intermediate) 1697-keV state nor the 1582-keV state
is isomeric, supporting the 19/2− assignment for the latter level,
and accordingly, excluding the possibility of 19/2+ analogous to
the one identiﬁed as the 17.5- μs isomer in the N = 79 isotone
127
Cd [26].
Based on the above arguments on intensity balances and transition strengths, either a spin-parity assignment of 23/2+ →
19/2+ → 19/2− or 25/2+ → 21/2+ → 19/2− can be proposed
for the 108 − 115-keV cascade between the 144-ns isomer and the
1582-keV state in 125 Pd. In the following discussion, the former
sequence is adopted with the help of shell-model calculations. The
reduced transition probability, B ( E2) = 129(4) e2 fm4 = 3.47(9)
W.u., can be obtained for the 108-keV transition from the measured half-life of the 1805-keV isomeric state, taking into account
the internal conversion process with the calculated α T value [22].
This B ( E2) value is comparable to the corresponding 23/2+ →
19/2+ transition observed in the N = 79 isotone 129 Sn [25].
For 127 Pd, two γ -ray peaks at 422 and 1296 keV have been
prominently observed within a long time window ranging from
0.25 to 100 μs after the ion implantation, and their coincidence
relationship conﬁrmed by γ -γ coincidence analyses, see Figs. 1(e)
and 1(f). The isomeric half-life was determined to be 39(6) μs from
a weighted average of the respective ﬁts to the time distributions
of the 422- and 1296-keV γ rays, the former of which is shown in
Fig. 2(e) as an exemplary case.
The level scheme of 127 Pd is proposed as exhibited in Fig. 3
(right). The 39- μs isomeric state has been identiﬁed at an excitation energy of 1718 keV with respect to the (11/2− ) level, which
is assumed to be the lowest-lying state in the isomeric-decay cascade in analogy with 125 Pd. The 1296-keV transition was assigned
as feeding the (11/2− ) state from the (15/2− ) level owing to a
close resemblance of the energy to the (2+ ) → 0+ transition (1311
keV) in the neighboring N = 82 nucleus 128 Pd [10]. Concerning
the 422-keV transition that de-excites the isomeric state, E3 and
higher-multipole possibilities can be virtually ruled out because
their strengths would be unlikely enhanced compared to the transitions known in this region (see Table 2 in Ref. [18]). Meanwhile,
a single de-excitation of 422 keV with an E1, M1, or E2 multipolarity would not result in such a long-lived isomeric state. Consequently, the 422-keV transition is expected to have M2 character
with a reduced transition probability of 9.6(15) × 10−2 μ2N fm2 =
2.3(4) × 10−3 W.u., which is emitted from the (19/2+ ) isomeric
state to the (15/2− ) state.
Here, it is to be noted that the possible existence of a lowenergy (unobserved) transition above the 1718-keV level as deexciting the 39- μs isomeric state can be excluded for the following
reasons: In this scenario, the presumed non-isomeric state at 1718
keV is expected to have 19/2− , which decays to the (15/2− ) state
at 1296 keV via an E2 transition, similar to the decay sequence
observed for 125 Pd. Assuming an observation limit of 20 counts for
an expected γ -ray peak in the ion-γ correlated spectrum shown in
Fig. 1(e), depending on conversion, limits on the transition energy
can be determined for different multipolarities λ. Regardless of the
transition energy, the 39- μs isomeric-decay transition is unlikely
to proceed with λ ≥ 3 and λ = 1 on account of the same reason as
the one concerning the transition strengths discussed in the previous paragraph. Provided that the unobserved transition has M2
multipolarity, the transition energy would have to be lower than
90 keV with the reduced transition probability of the order of 1
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Fig. 4. Comparison between experimental and calculated level energies in neutron-rich Pd isotopes. The experimental values for the 126 Pd levels are taken from Refs. [10,11],
while those for 125,127 Pd are from the present work. SM represents a shell-model calculation performed with considering a neutron cross-shell excitation (see text).
Table 2
Experimental and theoretical B (σ λ) values for the selected transitions in
topes.
A

Transition

σλ

A

Pd iso-

B (σ λ) [W.u.]
Exp.

SM

125

23/2+ → 19/2+
2

E2

3.47(9)

5.2

126

23/2+ → 19/2+
1
7− → 5−
2

E2
E2

–
2.13(14)

1.1 × 10−7
5.7

7− → 5−
1

E2

–

3.9 × 10−9

M2

2.3(4) × 10−3

7.6 × 10−3

127

19/2+

→ 15/2−

W.u. or larger. Such an unhindered M2 transition, which exceeds
a recommended upper limit of the transition strength [27], hardly
occurs in the region of interest. If the isomeric decay is of E2 character from a 23/2− state, an upper limit of the transition energy
would be 75 keV for it not to have been observed. For such a lowenergy transition, the B ( E2) value from the 39- μs isomeric state
is estimated to be in the order of 0.01 − 0.1 W.u., which could
be possible as observed for the (8+ ) → (6+ ) isomeric transition
in 128 Pd [10]. However, if a 23/2− state were isomeric, it would
prefer to decay via a fast E1 transition to a lower-lying 21/2+
level, which is predicted by a shell-model calculation as will be
discussed later, rather than the nearby 19/2− state. Thus, the possibility of a low-energy isomeric-decay transition can be ruled out
for any multipolarities, supporting the (19/2+ ) assignment for the
39- μs isomeric state at 1718 keV relative to the (11/2− ) level.
In order to understand systematically the level properties of
the neutron-rich Pd isotopes towards N = 82, shell-model calculations based on the extended pairing plus quadrupole-quadrupole
forces combined with monopole corrections (EPQQM) [28] have
been performed for 125,126,127 Pd. With the doubly magic nucleus
78
Ni as the closed core, the model space considered includes four
orbits in the Z = 28 − 50 major shell and the g 7/2 , d5/2 orbits
above the Z = 50 shell gap for protons, and ﬁve orbits in the
N = 50 − 82 major shell and the f 7/2 , p 3/2 orbits above the N = 82
shell gap for neutrons. The proton/neutron single-particle energies,
effective charges and g-factors, and the parameters of the EPQQM
Hamiltonian employed in the present calculations are consistent
with those adopted in the previous works [29–32]. The observed
and calculated level energies are compared in Fig. 4, where the
columns marked with SM exhibit the results of a large-scale shell
model that allows the excitation of a neutron across the shell gap
of N = 82. The measured and calculated values of the reduced
transition probabilities for the selected transitions are summarized
in Table 2.

As mentioned earlier, experimentally there remains a possible
spin-parity assignment of 23/2+ → 19/2+ or 25/2+ → 21/2+ for
the 108-keV transition deexciting the isomeric state in 125 Pd. However, the yrast 25/2+ level is unlikely to be isomeric in comparison
with the shell-model calculation, which predicts that the energy
difference between the 25/2+ and 21/2+ states is much larger
than the observed transition energy, as shown in Fig. 4. Consequently, the excited states at 1697 and 1805 keV in 125 Pd are
assigned spins and parities of (19/2+ ) and (23/2+ ), respectively.
For the higher-lying levels in 125 Pd, the shell-model calculation
predicts that there are two 19/2+ states below an excitation energy of 2 MeV, as indicated with different colors in Fig. 4. The
ﬁrst 19/2+ (hereinafter denoted by 19/2+
1 ) state is predicted to
involve predominantly a two-proton-hole excitation

π ( g9−/12 p 1−/12 )

together with an inactive proton-hole pair π ( g 9−/22 )0+ , coupled to
an active neutron hole in the h11/2 orbit (and a neutron-hole
pair coupled to spin zero). Meanwhile, the 19/2+
2 state is dominated by neutron-hole excitations of the type (ν −3 )19/2+ , such as
−2 −1
−2 −1
−2
−1
ν (h11
/2 d3/2 ), ν (h 11/2 s1/2 ), and ν (h 11/2 g 7/2 ), coupled to an inactive
proton component, π ( g 9−/42 )0+ or π ( g 9−/22 p 1−/22 )0+ . Thus, the proton

and neutron excitations within the respective major shells are suggested to compete with each other in 125 Pd.
According to the present shell-model calculation for 125 Pd, the
major components of the 23/2+ wave function differ signiﬁcantly
from those of the 19/2+
1 state, resulting in a strongly hindered E2
transition, see Table 2. On the other hand, very similar wave func125
Pd. The
tions are predicted for the 23/2+ and 19/2+
2 states of
fact that the measured B ( E2) value for the isomeric deexcitation is
fairly consistent with the calculated B ( E2; 23/2+ → 19/2+
2 ) value
indicates that both the experimental (23/2+ ) and (19/2+ ) levels
are dominated by the neutron excitations, as argued in the last
paragraph. A candidate for the 19/2+
1 shell-model state, which is
dominated by the proton excitations, has not been identiﬁed in the
current experiment.
Similar decay patterns are suggested to take place in the oneneutron neighbor 126 Pd. As compared in Table 2, the experimental
B ( E2) value for the (7− ) → (5− ) transition [10] is well reproduced by SM given the E2 transition towards the 5−
2 level, thus
suggesting that the calculated 5−
level
corresponds
to the (5− )
2
−
state observed at 2023 keV [10]. In contrast, the 7 → 5−
1 deexcitation is calculated to be extremely hindered, similar to the
125
aforementioned 23/2+ → 19/2+
Pd. Analyzing the
1 transition in
shell-model wave functions, it can be found that the main conﬁgu−
126
rations of the 5−
Pd are almost equivalent to
1,2 and 7 states in
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+
125
the 19/2+
Pd, respectively, with the addi1,2 and 23/2 states in
tion of a neutron in the h11/2 orbit, i.e., the proton excitations and
−
neutron excitations respectively dominate the 5−
1 level and the 52 ,
−
7 levels.
The excitation spectra and the reduced transition probability for
the (19/2+ ) → (15/2− ), M2 decay observed for 127 Pd are reproduced satisfactorily by the shell-model calculation. The 19/2+ state
is predicted to have a wave function with the leading component,
−1
+
125
π ( g9−/32 p 1−/12 ) ⊗ ν (h11
Pd.
/2 ), the analog of the 19/21 state in

Note that the current shell model predicts a 21/2+ state, which
corresponds to the 3.6-ms isomer identiﬁed in the N = 81 isotone
129
Cd [33], to be slightly higher in energy than the 19/2+ level, see
Fig. 4. The 21/2+ shell-model state has almost the same conﬁguration as the 19/2+ isomeric state in 127 Pd. The wave function of the
15/2− state, to which the 19/2+ isomer decays, consists predom−1
inantly of the π ( g 9−/42 ) ⊗ ν (h11
/2 ) component. Hence, an M2 decay
can not proceed between their main conﬁgurations. Within the
Z = 28 − 50 major shell, an M2 decay can take place through the
π f 5/2 → π g 9/2 transition. It is therefore expected that the large
hindrance of the order of 10−3 W.u. (see Table 2) is ascribed to
−1
the small admixture of the π ( g 9−/32 f 5−/12 ) ⊗ ν (h11
/2 ) component in

the 19/2+ isomeric state.
It is worth mentioning ﬁnally about the evolution of singleparticle levels in this neutron-rich region and its impact on the
N = 82 shell closure, which is also crucial for a better understanding of the r-process nucleosynthesis [13,14]. In Ref. [31], largescale shell-model calculations, which have been done in the same
framework as that adopted in the present work, suggested that
the size of the N = 82 shell gap decreases gradually with decreasing proton number from 48 (130 Cd) to 36 (118 Kr) on account of the
dynamic effect of the monopole interaction between the π g 9/2 and
ν h11/2 orbitals. Since the 125,127 Pd states discussed above consist
of these high- j orbits, the experimental results obtained in this
work can serve as a stringent benchmark for testing shell models to foresee a possible N = 82 shell quenching in exotic nuclei,
which are still inaccessible for spectroscopic study.
To conclude, spectroscopic studies of 125 Pd and 127 Pd have been
performed at RIBF, and accordingly, we have provided for the ﬁrst
time experimental information on the excited level structure of
these neutron-rich nuclei, which have triple- and single-neutron
vacancies relative to the N = 82 closed-shell nucleus 128 Pd. In
125
Pd, a previously unreported isomeric state with a half-life of
144(4) ns was assigned tentatively a spin and parity of 23/2+
based on the results of the γ -ray intensity balance analysis and
the measured transition strengths with the aid of a shell-model
calculation. This isomer and the lower-lying (19/2+ ) states were
interpreted as being ascribed predominantly to three-neutron-hole
excitations within the N = 50 − 82 major shell. Meanwhile, the
(19/2+ ) isomer identiﬁed with T 1/2 = 39(6) μs in 127 Pd was expected to involve the proton-hole excitation π ( g 9−/32 p 1−/12 ) coupled
to a neutron hole in the h11/2 orbit. Thus, it turned out that the
(19/2+ ) states observed at almost the same excitation energy in

125

Pd and 127 Pd are quite different in nature. A future experimental challenge is to corroborate the argument on the different
isomerism of these states by measuring nuclear magnetic moments
using more intense radioactive-isotope beams.
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