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9Departamento de Fı́sica Teórica, Universidad Autónoma de Madrid, E-28049 Madrid, Spain

10Instituto de Estructura de la Materia, CSIC, E-28006 Madrid, Spain
11MTA Atomki, P.O. Box 51, Debrecen H-4001, Hungary

12Department of Physics, Peking University, Beijing 100871, China
13Department of Physics, Osaka University, Machikaneyama-machi 1-1, Osaka 560-0043 Toyonaka, Japan

14INFN, Sezione di Milano, via Celoria 16, I-20133 Milano, Italy
15Department of Physics, Sungkyunkwan University, Suwon 440-746, Republic of Korea
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The level structures of the very neutron-rich nuclei 128Pd and 126Pd have been investigated for the first

time. In the r-process waiting-point nucleus 128Pd, a new isomer with a half-life of 5:8ð8Þ �s is proposed

to have a spin and parity of 8þ and is associated with a maximally aligned configuration arising from the

g9=2 proton subshell with seniority � ¼ 2. For 126Pd, two new isomers have been identified with half-lives

of 0.33(4) and 0:44ð3Þ �s. The yrast 2þ energy is much higher in 128Pd than in 126Pd, while the level

sequence below the 8þ isomer in 128Pd is similar to that in the N ¼ 82 isotone 130Cd. The electric

quadrupole transition that depopulates the 8þ isomer in 128Pd is more hindered than the corresponding

transition in 130Cd, as expected in the seniority scheme for a semimagic, spherical nucleus. These

experimental findings indicate that the shell closure at the neutron number N ¼ 82 is fairly robust in the

neutron-rich Pd isotopes.
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The concept of magicity and its underlying shell
structures is of supreme importance for many-body
fermionic systems in a confined space. For instance, the
noble gases are chemically inert because they have
closed-shell configurations of electrons. Another well-
known example is the clustering phenomena observed
for metal ions [1], which can form supershells with the
specific numbers of atoms. It is recognized that shell
structures arise from the quantized motion of the constitu-
ent fermions in a mean-field potential with rotational in-
variance [2].

In the case of atomic nuclei, there are two types of
fermions (nucleons), proton and neutron, both of which
can have magic numbers. While the bunching of the single-
particle energy levels at nucleon numbers 2, 8, and 20
could be reproduced with a simple (spherically symmetric)
harmonic oscillator potential, it was realized that a strong
spin-orbit interaction plays a significant role in the emer-
gence of heavier magic numbers 28, 50, 82, and 126 [3,4].
For the last few decades, however, the study of exotic
nuclei using radioactive isotope (RI) beams revealed that
the aforementioned magic numbers, which have been em-
pirically confirmed for nuclei near the �-stability line, are
not necessarily universal and are subjected to a change in
some regions with highly asymmetric proton number (Z)
and neutron number (N); 12Be (N ¼ 8) [5], 32Mg (N ¼ 20)
[6], and 42Si (N ¼ 28) [7] are known to be deformed in
consequence of erosion of the respective neutron shell
gaps. Such a paradigm shift is one of the frontier issues
in nuclear physics, and whether it will also take place at the
heavier traditional magic numbers is an open question
worth investigating.

The present work focuses on neutron-rich nuclei below
the doubly magic nucleus 132Sn (Z ¼ 50, N ¼ 82). It
has been suggested by a self-consistent mean-field theory
that the N ¼ 82 spherical shell gap gradually decreases
approaching the neutron drip line due to the combined
effect of weak binding in largely diffused neutron densities
and strong pairing-induced coupling between bound
orbitals and low-‘ continuum states [8]. In the region of
interest, albeit far inward from the drip line, a high Q�

value observed for the decay of 130Cd (Z ¼ 48, N ¼ 82)
was consistent with mass-model predictions assuming a
shell quenching at N ¼ 82 [9]. Contrary to this, the yrast
level sequence below the 8þ isomer in 130Cd can be
interpreted in a shell-model framework that does not con-
sider excitations across the shell gaps, indicating no evi-
dence for the shell quenching in this nucleus [10]. From an
astrophysical point of view, it has been argued that the
property of the N ¼ 82 shell closure far from the valley of
�-stability affects the Solar System abundance pattern
particularly around the prominent A � 130 peak in the
r-process nucleosynthesis [11], and, hence, a proper
understanding of the underlying nuclear structure of the
r-process isotopes is highly required.

In this Letter, we present the first spectroscopic results
on 128Pd (Z ¼ 46,N ¼ 82) and 126Pd (N ¼ 80), the former
of which is a waiting point nucleus on the r-process path.
Since the discovery of these isotopes at the RI Beam
Factory (RIBF) facility at RIKEN [12,13], steady improve-
ments in the intensity of uranium beams, in combination
with a highly efficient �-ray detection system, enable us to
conduct detailed spectroscopic studies.
Neutron-rich nuclei below 132Sn were produced using

in-flight fission of a 238U86þ beam at 345 MeV=nucleon,
incident on a beryllium target with a thickness of 3 mm.
The primary beam intensity ranged from 7 to 12 pnA
during the experiments. The nuclei of interest were sepa-
rated and transported through the BigRIPS and
ZeroDegree spectrometers [14], operated with wedge-
shaped aluminum degraders with thicknesses of 2.9 and
2.5 mm at the first and second dispersive focal planes,
respectively, for purification of the secondary beams.
Identification of particles with the atomic number (Z)
and the mass-to-charge ratio (A=q) was achieved on the
basis of the �E-TOF-B� method, in which the energy loss
(�E), time of flight (TOF), and magnetic rigidity (B�)
were measured using the focal plane detectors on the
beam line. The obtained particle-identification spectrum
is shown in Ref. [15]. About 1:1� 103 and 6:5� 104 ions
were collected for 128Pd and 126Pd, respectively.
The identified particles were implanted into a highly

segmented active stopper, named WAS3ABi [16], which
consisted of eight double-sided silicon-strip detectors
(DSSSD) stacked compactly. 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. The DSSSDs also served
as detectors for electrons following �-decay and internal
conversion processes. Gamma rays were detected by the
EURICA spectrometer [16], which consisted of twelve
Cluster-type detectors, each of which contained seven
HPGe crystals packed closely, which were developed for
the former EUROBALL array [17].
Figure 1(a) shows a �-ray energy spectrum measured in

delayed coincidence with 128Pd ions. Four � rays at ener-
gies of 75, 260, 504, and 1311 keV have been unambigu-
ously observed. These � rays are found to be in mutual
coincidence [see Fig. 1(b) as an example] and exhibit
consistent time behavior. Therefore, we conclude that
they proceed through a single cascade originating from
one isomeric state. A least-squares fit of the summed gated
time spectra of the isomeric-decay transitions yields
T1=2 ¼ 5:8ð8Þ �s half-life as demonstrated in Fig. 2(a).

The relative intensities of these isomeric � rays, which
are listed in the fifth column of Table I, are in agreement
within experimental errors, except for the 75-keV transi-
tion that is expected to be highly converted. The total
internal conversion coefficient for the 75-keV transition
derived from a comparison with the 1311-keV �-ray
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intensity is 2.6(17), which is consistent with the theoretical
value of 3.88 for an E2 multipolarity.

On the basis of the above arguments on the observed �
transitions, the level scheme of 128Pd is proposed as dis-
played in Fig. 3, where the spin and parity of the 5:8-�s
isomeric state at 2151 keV is assigned as J� ¼ 8þ. The
spin-parity assignment for the levels and the ordering of
the transitions between the isomer and the ground state are
based on a close resemblance to the yrast level sequences
below the analogous 8þ isomers in 130Cd [10] and 96Pd
(N ¼ 50) [18]. A transition strength of BðE2; 8þ ! 6þÞ ¼
0:22ð3Þ W:u: can be obtained from the measured half-life
of the 2151-keV isomeric state.

The level scheme of 126Pd constructed in the current
work is also shown in Fig. 3. The 693-keV � ray, which is
the most intense peak of those observed in delayed

coincidence with 126Pd ions (Fig. 1(c)), is assigned as the
2þ ! 0þ transition; this assignment is supported by the
observation of a prominent �-ray peak at the same energy
in the � decay of 126Rh, which was also included in the
cocktail beam, as shown in Fig. 1(e). The coincidence
spectrum with a gate on the 542-keV � ray [Fig. 1(d)]
clearly exhibits � rays at energies of 693, 788, and 86 keV,
but not at 1330 keV, indicating that two parallel cascades
stem from a common level at 2023 keV. The assignment of
transitions below the 2023-keV level is affirmed by the
observed �-ray intensities, namely, I542 � I788 and I693 �
I788 þ I1330; see Table I. The 86-keV transition is placed
just above the 2023-keV level, because this � ray was
observed to precede all the four transitions.
As shown in Figs. 2(b) and 2(c), a half-life of 0:44ð3Þ �s

is derived from the time distribution of the 86-keV � ray
relative to the beam implantation, while the time difference
between the 86-keV � ray and the subsequent transitions
provides T1=2 ¼ 0:33ð4Þ �s. Thus, it is found that two

isomeric states lie at 2023 and 2110 keV. The assignment
of spins and parities for the two isomeric states is
based on the �-ray feeding pattern and transition
probabilities. Given the J� ¼ 5� and 7� assignments
for the 2023- and 2110-keV levels, respectively, the
strengths of the isomeric decay transitions are BðE1; 5� !
4þÞ ¼ 2:9ð4Þ � 10�9 W:u: (542 keV), BðE3; 5� ! 2þÞ ¼
0:24ð3Þ W:u: (1330 keV), and BðE2; 7� ! 5�Þ ¼
2:13ð14Þ W:u: (86 keV). These strengths are comparable
with the values of the corresponding transitions in the
N ¼ 80 isotone 128Cd [19]. These negative parity isomers
might be (weakly) populated in the� decay of 126Rh, as the
542- and 788-keV � rays seem to appear in Fig. 1(e).
As is evident from Fig. 3, the level structure of 128Pd is

quite different from that of 126Pd. One of the remarkable
features is a sudden increase in the yrast 2þ energy
from 693 keV in N ¼ 80 to 1311 keV in N ¼ 82.
Correspondingly, the energy ratio R4=2 ¼ Eð4þÞ=Eð2þÞ
decreases from 2.14, a value consistent with a typical
vibrational interpretation, to 1.38, being characteristic of

C
ou

nt
s 

/ 2
00

0 
ns

Time [µs]

C
ou

nt
s 

/ 4
00

 n
s

(b)
T1/2=0.44(3) µs

Time [µs]

C
ou

nt
s 

/ 1
25

 n
s

(c)
T1/2=0.33(4) µs

Time [µs]
0 0.5 1.0 1.5

1

10

0 0.5 1.0 1.5 2.0 2.5

10

100

0 5 10 15 20 25

(a)
T1/2=5.8(8) µs

1

10

FIG. 2 (color online). (a) Sum of the time distributions of the
260-, 504-, and 1311-keV � rays in 128Pd. (b) Time spectrum of
the 86-keV � ray in 126Pd. (c) Time difference between the
86-keV transition and � rays below the isomer at 2023 keV
in 126Pd. The horizontal and vertical bars on the data points
represent the width of time bins and the statistical errors, respec-
tively. The solid lines represent the results of a least-squares fit.
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FIG. 1. Gamma-ray spectra measured (a) in coincidence with
128Pd ions within a time range of 0:15–25 �s, (b) additionally,
with a gate on the 1311-keV line, (c) in coincidence with 126Pd
ions within 0:15–5 �s, (d) additionally, with a gate on the
542-keV line, (e) in coincidence with � rays detected within
100 ms after the implantation of 126Rh ions.

TABLE I. Summary of transitions and measured half-lives of
the excited states in 128Pd and 126Pd. The relative intensities
of � rays are extracted from the �-ray energy spectra shown in
Figs. 1(a) and 1(c) for 128Pd and 126Pd, respectively.

Ex (keV) T1=2 E� (keV) I� (%) J�i ! J�f
128Pd 1311.4 1311.4 100(29) ð2þÞ ! 0þ

1815.8 504.4 88(24) ð4þÞ ! ð2þÞ
2075.9 260.1 74(20) ð6þÞ ! ð4þÞ
2151.0 5:8ð8Þ �s 75.1 28(10) ð8þÞ ! ð6þÞ

126Pd 693.3 693.3 100(5) ð2þÞ ! 0þ

1481.0 787.7 57(4) ð4þÞ ! ð2þÞ
2023.4 0:33ð4Þ �s 542.4 52(3) ð5�Þ ! ð4þÞ

1330.2 40(3) ð5�Þ ! ð2þÞ
2109.7 0:44ð3Þ �s 86.2 21(2) ð7�Þ ! ð5�Þ
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a two-quasiparticle excitation in single closed-shell nuclei,
as the neutron number increases. These features for the
low-lying yrast levels suggest that the N ¼ 82 shell gap
persists in the Pd isotopes.

The excitation energies of the J� ¼ 2þ � 8þ states in
128Pd are comparable to those in 130Cd [10], as demon-
strated in Fig. 4(a). The constancy of level energies is
characteristic of the seniority scheme [20], where seniority
� counts the number of nucleons that are not in pairs
coupled to spin zero. In case of a n-particle (or n-hole)
system in a single-j shell, the level energies with identical
J� and � are independent of n. As shown in Fig. 4(a), such
energy properties are also visible for the even N ¼ 50
isotones from Mo (Z ¼ 42) to Cd (Z ¼ 48), in which the
yrast J� ¼ 2þ � 8þ levels consist of the same multiplet
that involves predominantly valence protons in the �g9=2
orbital with � ¼ 2 [21]. The gradual increase in energy as
moving away from 100Sn (Z ¼ 50) reflects the lowering of
the � ¼ 0 ground state due to the admixture of valence
proton pairs in the p1=2;3=2 and f5=2 orbitals which locate

below the g9=2 subshell. Since the single-proton levels in

the Z ¼ 28� 50 shell are nearly identical in the 132Sn and
100Sn regions [21], it is expected that the N ¼ 82 isotones
exhibit similar level properties within the valence proton
space to the N ¼ 50 case. Therefore, the excited states in

128Pd can be interpreted in terms of the � ¼ 2 configura-
tion of the �g9=2 subshell.
A direct implication of the N ¼ 82 shell closure can be

corroborated from the behavior of the E2 transition
strength for the 8þ ! 6þ isomer decay in 128Pd. The E2
matrix elements between � ¼ 2 states are close to zero
near the middle of the valence shell in semimagic nuclei,
giving rise to seniority isomerism [20]. In Fig. 4(b), a
set of measured BðE2; 8þ ! 6þÞ values for the N ¼ 50
isotones exhibits a parabolic-shape distribution as a func-
tion of the proton number due to the seniority cancellation.
Meanwhile, the BðE2Þ value is more susceptive to configu-
ration mixing than the level energy. If the shell gap
decreases, strong proton-neutron interactions are likely
to induce excitations across the closed cores and drive
the system to more collective behavior. Accordingly, the
BðE2Þ trend may deviate from the expectation of the
seniority scheme. For the N ¼ 82 isotones, however, it
turns out that the BðE2; 8þ ! 6þÞ value is much smaller
in 128Pd than in 130Cd [Fig. 4(b)], as expected in the exact
seniority classification, namely, BðE2;� ¼ 2; n ¼ 4Þ ¼
ð1=9ÞBðE2;� ¼ 2; n ¼ 2Þ. This observation indicates that
both the J� ¼ 8þ and 6þ states in the N ¼ 82 isotones, as
well as in the N ¼ 50 nuclei, have good seniority � ¼ 2 in
the well isolated �g9=2 subshell, in consequence of the

robust shell closure.
The presence of the seniority isomer with J� ¼ 8þ,

� ¼ 2 (8þ�¼2) in
128Pd is evidence for a robust shell closure

at N ¼ 82. Indeed, seniority isomerism is sensitive to the
nature of underlying closed cores. This argument can be
illuminated in comparison with the level systematics of
even Ni (Z ¼ 28) isotopes with N ¼ 42� 48, in which
valence neutrons predominantly occupy the �g9=2 orbit.

The 8þ�¼2 isomers have been identified in 70;76Ni [22,23],
but this is not the case for 72;74Ni [24]. The absence of
seniority isomers in nuclei near the middle of the �g9=2
subshell can be explained by the existence of the 6þ�¼4 state

below the 8þ�¼2 level, resulting in a fast E2 transition

between the states with different seniority [25,26]. For
72Ni, the authors of Ref. [27] proposed a tentative state at
2590 keV as the 8þ�¼2 level, which fed the 6þ�¼4 state at

2392 keV with an increased BðE2Þ value, consistent with
the above mentioned seniority picture. It has been sug-
gested that the lowering of the � ¼ 4 levels, as well as the
fact that the energies of the yrast 2þ states in 70�76Ni are
systematically (250� 400 keV) lower than those of the
N ¼ 50 valence mirrors, is a signature of the softness of
the Z ¼ 28 shell closure [25]. In Ref. [26], Isacker indi-
cated that the quadrupole pairing matrix element in the
relevant two-body interaction plays a significant role to
determine the relative position of the � ¼ 2 and 4 states,
and presented the conditions for the existence of the 8þ�¼2

isomer in a ðg9=2Þ4 system. In the case of the N ¼ 82

nuclei, based on the approximation of an isolated g9=2
subshell, the excitation energies of the four-proton hole
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nucleus are estimated to be 1347, 1810, 2051, 2118 keV for
the 2þ�¼2, 4

þ
�¼2, 6

þ
�¼2, 8

þ
�¼2 states and 2184, 2455 keV for

the 4þ�¼4, 6
þ
�¼4 states, using the yrast energy spectrum of

130Cd [10]. This estimation indicates that the 6þ�¼4 (6þ�¼2)
state is higher (lower) in energy than the 8þ�¼2 level, con-
sistent with the present experimental result that the senior-
ity isomer appears in 128Pd.

In conclusion, we have studied the level structures of
128Pd and 126Pd, the most neutron-rich palladium isotopes
for which spectroscopic information on the excited states
has been obtained to date. Inspection of the yrast 2þ energy
and Eð4þÞ=Eð2þÞ ratio for these nuclei, as well as the
BðE2Þ value for the decay from the 8þ seniority isomer
in 128Pd, indicates the robustness of the N ¼ 82 shell
closure for Z ¼ 46. In future experiments, of particular
interest will be to see how the seniority isomerism occur in
lighter N ¼ 82 isotones 126Ru and 124Mo, which are closer
to the neutron drip line.
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