. eprints@whiterose.ac.uk
Whlte Rose https://eprints.whiterose.ac.uk

N
(@) Rresearch onii
N’ esearc niine Universities of Leeds, Sheffield and York

Deposited via The University of York.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/id/eprint/238503/

Version: Accepted Version

Article:

Zhang, W. Q., Liu, Z., Andreyev, A. N. et al. (2026) Discovery of an Ipi=10+ Isomer in
150Yb: Nature of the Longest 10+ Isomeric Chain. Physical Review Letters. 082503.
ISSN: 1079-7114

https://doi.org/10.1103/6cjc-bhfg

Reuse

This article is distributed under the terms of the Creative Commons Attribution (CC BY) licence. This licence
allows you to distribute, remix, tweak, and build upon the work, even commercially, as long as you credit the
authors for the original work. More information and the full terms of the licence here:
https://creativecommons.org/licenses/

Takedown

If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

ﬁ 32, | University of P UNIVERSITY

UNIVERSITY OF LEEDS %~ Sheffield NS W



mailto:eprints@whiterose.ac.uk
https://doi.org/10.1103/6cjc-bhfg
https://eprints.whiterose.ac.uk/id/eprint/238503/
https://eprints.whiterose.ac.uk/

Discovery of an /™ = 10" isomer in »°Yb: Nature of the longest 10" isomeric chain
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Delayed ~-ray spectroscopy was performed for evaporation residues produced in the ¥Ni + “Ru
reaction. A new isomer in 20Yb (Z = 70, N = 80) with a half-life of 0.62(5) us was identified at an
excitation energy of 2872(2) keV. Its spin-parity is assigned as (10") and a decay scheme is proposed
based on a strong analogy with that of the isotonic '4g Er. Previously, the 10" isomers were observed
in the N = 80 even-Z isotones from the neutron-rich '2Pd to the neutron-deficient ‘45 Er. For the
first time, by combining experimental data and comprehensive large-scale shell-model calculations,
we clearly identify the configurations of these isomers and demonstrate that they all exhibit seniority
structures. These findings firmly establish a configuration change in the 10" isomeric chain, from
a pair of maximally aligned 1h;;,2 neutrons (holes) to a pair of maximally aligned 1hq1,2 protons
around the Z = 64 subshell closure. This transition serves as a unique isomeric relay underpinning

the persistence of the isomeric chain.

The atomic nucleus exhibits shell structures for both
protons and neutrons, characterized by the so-called
magic numbers: Z, N = 2, 8, 20, 28, 50, 82, and N
= 126. The stability of atomic nuclei, including both
their ground and excited states, is strongly influenced
by shell structures. In particular, specific excited states
exhibit remarkably long lifetimes, making them not only
promising for applications [1, 2], but also valuable probes
of nuclear structure [3-6]. Such states are referred to as
metastable states or isomers, based on a commonly used
criterion of half-lives exceeding 10 ns, as adopted in the

compilations of isomers [7, §].

In the vicinity of magic nuclei, seniority isomers [9,
10] often appear, which arise from maximally aligned
nucleons in high-j orbitals and are characterized by an
approximately conserved seniority quantum number v
(the number of unpaired nucleons) [11-14]. Figure 1
illustrates the characteristic distribution of seniority
isomers, by showing the occurrence of I™ = 8%, 107,
and 127 isomers in even-even nuclei throughout the
nuclear chart. The majority of 8%, 107, and 127
isomers are formed by a pair of nucleons occupying



1992, 1hi1/2, and liy3,o orbitals, respectively, and
exhibit seniority structure with v = 2. The three
orbitals intrude into lower harmonic oscillator shells
owing to spin-orbit coupling. Consequently, they possess
much higher angular momentum and unique parity
compared to other orbitals within the shell, rendering
the corresponding maximally aligned configurations less
susceptible to mixing. Therefore, seniority isomers offer
a clear picture of nuclear structure and serve as sensitive
probes of single-particle energy evolution [15].
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FIG. 1. Occurrence of 87, 10", and 127 isomers with

half-lives > 10 ns in even-even nuclei on the partial nuclear
chart. The dashed lines depict the approximate regions of
high-j orbitals responsible for most of these isomers. The
positions of magic numbers, including the Z = 64 subshell
closure, are indicated by solid lines. The data are taken from
Ref. [7, 16|, and the present work for '30Yb.

In Fig. 1, the 10T isomeric chain in the N = 80
even-even isotones stands out, where an isomeric chain
denotes a sequence of isomers with the same spin and
parity along an isotopic or isotonic sequence. Previously,
the 10" isomers had been reported from neutron-rich
125Pd up to neutron-deficient 4§ Er |7, 16], forming one
of the longest continuous isomeric chains on the nuclear
chart. The study in Ref. [15] showed that the 10*
isomers in '#Pd and '2§Cd have a two-neutron-hole
configuration Vlh;f/z, and play a pivotal role in probing
single-neutron energy evolution below the Z = 50 shell
closure. Above Z = 50, it was suggested in Refs. [17, 1§]
that, as the proton number increases, a configuration
change from V1h1_12/2 to 7T1h§1/2 could occur for the 107"
isomers around the Z = 64 subshell closure. While these
studies provided pioneering insights into the changing
nature of these isomers, a thorough analysis of the
available experimental data and systematic theoretical
calculations were missing.

Until now, the heaviest known member of this isomeric

chain was the 107 isomer in 'S Er discovered in 1982 [19].
The next N = 80, even-Z nuclide is 12JYb, the daughter
nucleus of the first observed ground-state proton emitter
121Lu [20]. It was directly produced and identified in
experiments at Michigan State University [21] and at
TRIUMEF [22], with the latter measuring its ground-state
mass. Prior to the present work, no other spectroscopic
information on '2JYb was available. On the theoretical
front, calculations on excited states in N = 80 isotones
have been performed only up to 143Sm [23-25].

In this Letter, we report the first observation of
the long-sought 10% isomer in '2JYb, together with
the first large-scale shell-model (LSSM) calculations for
the N = 80 even-Z isotones '30Sn—120Yb.  These
combined efforts allow us to elucidate the seniority
structures of the 10" isomers in these isotones and
to reveal the neutron-to-proton configuration transition.
This change acts as an isomeric relay, handing over
the long-lived isomerism from a neutron-dominated to
a proton-dominated configuration while preserving the
1hy1/p-based v = 2 seniority structure. No evidence
for such relay behavior has been observed in any other
isomeric chain.

The experiment was performed via delayed ~-ray
spectroscopy at the gas-filled recoil separator RITU,
located at the Accelerator Laboratory of the University
of Jyvaskyld (JYFL). A schematic view of the setup
is shown in Fig.1 of the Supplemental Material [26].
The '%9Yb nuclei were produced in the “SRu(°®Ni,
2p2n)90YD fusion-evaporation reaction. The *®Ni beam,
at two energies of 266 and 274 MeV with an average
current of 3 pnA, was delivered by the K130 cyclotron
at JYFL for 110 hours. A self-supporting 500 ug/cm?
9Ru target with an isotopic enrichment of ~ 95% was
used. After a time of flight of =~ 0.6 us in RITU [29],
the evaporation residues (ERs), including *°Yb, passed
through a multiwire proportional counter (MWPC) and
were subsequently implanted into a pair of 300-pm
thick double-sided silicon-strip detectors (DSSSDs) of
the GREAT spectrometer [30]. The DSSSDs recorded
signals of implanted recoils and charged particles
(p/a/B) from subsequent decays. Delayed ~ rays
emitted from implanted ERs were detected by three
Compton-suppressed Clover germanium detectors and
a planar double-sided germanium-strip detector (PGD).
The PGD offers significantly enhanced sensitivity to
low-energy ~ rays and X-rays compared to the Clover
detectors [30, 31|, and has proven crucial for observing
low-energy transitions in previous delayed-v spectroscopy
studies [32, 33].

To identify the 10" isomer in **°Yb and to establish
its decay scheme, recoil-gated delayed v-ray singles and
~—y coincidences were analysed. In Fig. 2(a), three new
v rays at 637, 708, and 857 keV were observed and
found to be in mutual coincidence (see Fig. 2(b) as an
example and Fig. 3 in the Supplemental Material [26]
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FIG. 2. (a) A portion of the recoil-gated delayed 7-ray singles spectrum registered in the Clover detectors within 2 us after
the ERs implantation, with the peaks labeled by transition energies and those from '*°Yb highlighted in red. The background
from the 2 < AT(ER~y) < 4 us interval was subtracted to suppress prominent delayed + rays originated from the microsecond
isomers in "¥715FEr and *11°2Yb nuclei [16]. Peaks at 683, 839, and 847 keV are due to y-ray summing effect. The presence
of 3Er reflects minor °°Ru target contamination from heavier Ru isotopes. The inset shows the distribution of the time
difference AT[ER~y(637, 857 keV)] with a background subtraction performed by gating on nearby Compton background, and
the associated fit by an exponential-plus-constant function. (b)—(c) The representative Clover-Clover and PGD-Clover y—y
coincidence spectra. (d) The proposed decay scheme for the (107) isomer in **°Yb and the decay scheme of the (107) isomer in
the isotonic *®Er [19]. The widths of arrows represent relative intensities of - rays and internal conversion (white). Tentative

spin-parity assignments are given in parentheses.

for details). As shown in Fig. 2(c), the 637- and 857-keV
transitions are also coincident with several low-energy
lines detected in the PGD, including the 111-, 235-, 292-,
and 324-keV ~ rays, and additionally with characteristic
K, g X-rays of ytterbium. The last of these confirms that
these v rays originate from an isomer in an Yb isotope.
Given that extensive studies of 1°1:152Yb [34-36] have
not found such an isomer, and that '*°Yb is expected to
have a negligible production yield at the present beam
energies according to the HIVAP calculations [37] (see
Table I in the Supplemental Material [26]), the isomer is
unambiguously assigned to 1*0Yb.

Based on a strong similarity with the decay scheme
of the (10%) isomer in the isotone “®Er [19], we assign
a spin-parity of (107) and propose the decay scheme
of the °°YDb isomer, as illustrated in Fig. 2(d). The
half-life T,5(107) = 0.62(5) pus was derived from the
time distribution AT[ER-v(637, 857 keV)], as displayed
in the inset of Fig. 2(a). The y-ray energies and the
relative intensities normalized to the 637-keV v ray are
summarized in Table I. On the basis of the analysis
of ~-ray intensity balance and internal conversion
coefficients provided in the Supplemental Material [26],
the multipolarity of the 111-keV transition is inferred to

TABLE 1. Properties of the transitions deexciting the (10™)
isomer in *°Yh.

E, (keV) E, (keV) I, (%) Transition (JI — JF)

637.1(3) 637.1(3) 100(8) (2%) = 0"
1493.9(5) 856.8(4) 95(6) (4%) — (27)
2202.1(6) 708.2(4) 70(14) (57) = (4%)
2469(1)  975(1) 34(10) (6%) — (4T)
2526(1)  324(1) 66(15) (77) = (57)
2761(2) 235(1) 60(14) (8T) = (77)

202(1)  32(18) (8%) — (6T)
2872(2)  111(1) 30(11) (107) — (8")

be E2, resulting in a reduced transition probability [3§]
B(E2) = 0.36(3) W.u. This value is much larger than the
B(E2;10" — 8%) value of 0.012(3) W.u. in “8Er [19],
leading to the much shorter half-life of the (10T) isomer
in 1%9Yb. A detailed discussion of the B(E?2) systematics
will be presented in a follow-up paper [39].

To elucidate the nature of the 10™ isomers in the N =
80 even-Z isotones and to comprehensively demonstrate
the neutron-to-proton configuration transition, LSSM
calculations have been performed. The calculations were
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FIG. 3. The experimental low-lying positive-parity states of even-even '20Sn—120Yb (taken from [16] and in this work) and

the results of the LSSM calculations.

Two types of 10 states are distinguished by color, corresponding to neutron- and

proton-dominated configurations (see text). The half-lives of the 10 isomers are shown above the corresponding level schemes.
In the rightmost, the orbitals between the N(Z) = 50-82 shell is shown. Note that according to the Fermi surface in the
A =130-150 region, the 1h1y/2, 2d3/2 and 3512 orbitals lie relatively close in energy, and their ordering can change dynamically

depending on the nucleon number.

carried out using the BIGSTICK code [40, 41] in a full
major shell valence space between the magic numbers 50
and 82 for both protons and neutrons, comprising the
197/2, 2ds /2, 2d3/2, 3512, and 1hq; /5 orbitals outside an
inert 190Sn core. The effective interaction is a monopole-
and multipole-optimized Hamiltonian derived from the
realistic CD-Bonn [42] and JJ56PNA forces [43], which
have been shown to successfully reproduce low-lying level
structures in the N = 81 and 82 isotones [39, 44, 45].
More details regarding the calculations are provided in
the Supplemental Material [26].

Figure 3 illustrates the overall agreement between
experimental and calculated low- lying positive-parity
states in the even-even '30Sn—130Y These isotones
have two-neutron holes with respect to the closed-shell
N = 82 and increasing valence proton numbers outside
the Z = 50 shell closure. This enables the formation
of a 10" state by either a 1hy11/2 neutron-hole pair or
a 1hy1/o proton pair (except in 139Sn). Consequently,
two distinct 10T states of neutron and proton origin are
expected, and indeed two closely spaced 10T states have
been observed in 1¢2Sm and 4$Gd (see Fig. 3), with the
lower ones being 10] isomers while the 103 states decay
promptly [16].

The Landé g-factors serve as sensitive probes for
distinguishing the type of nucleons responsible for
the configurations, by comparing with the Schmidt
values [46]. In this work, the Schmidt values are
calculated not only in the free-nucleon form but also
with the standard quenching factor of 0.7 applied to
the nucleon spin g-factor gs, to account for the core
polarization and in-medium effects [46, 47]. As shown
in Fig. 4(a), the available experimental g-factors [48, 49|
of the 107 states in '39Sn—'29Yb and those obtained from

the LSSM are compared with the Schmidt values for the
1h11/2 neutron and proton.

In Fig. 4(a), the most salient feature predicted by the
LSSM calculations is a clear separation of these 107
states into two distinct groups, with g-factor values close
to —0.2 (Group A) for a neutron-based configuration
and around +1.2 (Group B) for a proton-based one.
The available experimental g-factor values confirm that
the observed 101+ states in 13§Ce and #INd primarily
originate from the coupling of two neutrons in the 1hyy /9
orbital, whereas that in 1§ Gd is dominated by two 1hy; /2
protons. The LSSM-predicted grouping is in agreement
with these assignments. This consistency, together
with the fact that the excitation energies of all these
10" states are well reproduced (Fig. 3), enables us to
infer the underlying configurations of the remaining 10T
states, even in the absence of measured g-factor values.
Accordingly, the 10] isomers in '39Sn-'2Sm and the
103 states in ¢} Gd are a551gned to Group A, while the
105 level in 1428m and the 107 isomers in 1"“*Gd 159YDb
belong to Group B. This classiﬁcation clearly reveals an
abrupt Vlh11 , —Tlh /2 configuration change occurring
around the Z = 64 subshell closure. Furthermore, both
the experimental and LSSM g-factors agree remarkably
well with the quenched Schmidt values, suggesting that
these 10T states are largely unaffected by configuration
mixing and retain a seniority character.

In addition to the g-factors, the LSSM calculations also
provide the proton and neutron orbital occupancies for
the two 10" groups, as shown in Fig. 4(b)—(c), offering
further support for the configuration transition. The
most pronounced difference between Groups A and B
lies in the v1hqq /5 hole occupancy (blue bars), which is
close to 2 in Group A but nearly vanishes in Group B.
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numbers of the neutron hole v1hyy/2 (blue, downwards) and
proton mlhyq/o (red, upwards) orbitals for Groups A and B,

respectively, with schematic illustrations of the 1/1h1_12/2 and

Wlhfl/Q couplings shown at the top of each panel.

This is fully in line with the two-neutron-hole Vlh;12/2
configuration in the former and its absence in the latter.
Moreover, the 71hy /o particle occupancies (red bars) in
Group B exceed 2 and increase with Z, supporting the
two-proton-particle w1h?, /2 configuration for this group.

These findings unveil that the persistence of the 10T
isomeric chain in the N = 80 even-Z isotones arises
from an isomeric relay, with the wlhfl /2 configuration
-2
11/2
configuration. As indicated by the single-particle level

taking over the seniority isomerism from the v1h

schemes shown at the rightmost side of Fig. 3, with
increasing proton number, the proton Fermi surface
gradually approaches the mlhy;,p orbital. This trend
becomes particularly pronounced near the Z = 64
subshell closure, resulting in lower excitation energies
of the proton 10" states.  Simultaneously, in the
neighboring N = 81 isotones, the energies of the 11/2~
levels dominated by Vlhl_ll/2 rise as a manifestation of
neutron shell evolution. This process is ascribed to the
proton-neutron monopole interaction [50, 51], pushing up
the neutron-hole 10" states [15]. These opposing trends
drive the change from neutron to proton configuration in
the 107 isomeric sequence taking place at Z = 64, thus
making the 10" isomeric chain a unique laboratory for
simultaneously tracing the evolution of both the proton
and neutron 1hy; /5 intruder orbitals.

These results have broader implications. The seniority
structure exhibited by these 10" isomers supports
that the N = 82 shell gap remains robust in this
neutron-deficient region, as the presence of a seniority
scheme is a good indicator of shell-gap stability [52].
Such a view is consistent with the conclusions of recent
studies [22, 53] on the N = 82 shell-gap evolution towards
the neutron-deficient side. The (107) isomer in 2JYb
has a two-proton separation energy of Sg, = —1138(45)
keV [22, 54], rendering it an exceptionally rare seniority
isomer built from a pair of unbound nucleons.

In conclusion, the long-sought (107) isomer in °Yb
has been identified for the first time through delayed
~-ray spectroscopy at RITU. By combining experimental
data with LSSM calculations, it is demonstrated that
all 10T isomers in the N = 80 even-even isotones
130Sn-120Yb exhibit seniority character. Furthermore,
the neutron-to-proton configuration transition in the 10
isomeric chain has been firmly established, representing
a unique isomeric relay that perpetuates this sequence.
These findings support the robustness of the N =
82 shell gap in the neutron-deficient region. Further
g-factor measurements of these 10" isomers would be
important, especially for the 107 isomer in §7Sm, which
could unambiguously determine the turning point of
the neutron-to-proton configuration transition. The
persistence of this isomeric chain suggests the existence
of 10" isomers in more neutron-deficient isotones, such
as 122Hf and 2} W, thereby opening the possibility of the
synthesis and identification of these yet-to-be-observed
nuclei through delayed ~-ray spectroscopy.
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