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Isomeric states in the neutron-rich nuclei 111Zr (T1/2 = 0.10(7) µs), 113Nb (T1/2 = 0.7(4) µs),
115Mo (T1/2 = 46(3) µs) were first identified at the Radioactive Ion Beam Factory (RIBF) of RIKEN,

by using in-flight fission and fragmentation of a 238U beam at an energy of 345 MeV/u. This is a brief
report of the gamma transitions deexciting from isomeric states and half-lives measurements, which
provides the first spectroscopy in the nuclear region of protlate-to-oblate shape phase transition
around mass A ≈ 110.

I. INTRODUCTION

Atomic nuclei consisting of protons and neutrons re-
flects various kinds of shapes in nature. The existence of
”magic numbers” of nucleons at 8, 20, 50, 82 was first
pointed out by Dr. M. Goeppert-Mayer and entirely ex-
plained after introducing a harmonic oscillator potential
with the spin-orbital interaction [1]. The nuclei with dou-
bly ”magic” numbers of protons and neutrons exhibits
a spherical shape and start deforming when removing
or adding protons and neutrons, which is manifest by
the occurrence of shape-phase transition driven by the
proton-neutron interaction.

The sudden onset of deformation beyond neutron num-
ber N = 60, first discovered at 40Zr by Johansson [2], was
observed and interpreted with a strong tensor force be-
tween proton πg9/2 and neutron νg7/2 induced by the
increased occupation of the νg7/2 orbital [3–5]. From
thereon, a large degree of connectivity and ground-state
quadrupole deformation is manifest toward the middle

shell between N = 50 and N = 82 major closed shells
[6, 7]. The maximum deformations of ground state
are achieved at N = 64 and N = 62 for the neutron-
rich 42Mo and 40Zr isotopes [8, 9], respectively, followed
by a well-known region of Z ≈ 40 and N ≈ 72 in
the nuclear chart with a predicted shape phase tran-
sition and shape coexistence between prolate, triaxial,
and oblate [10]. The Finite-Range liquid-Drop Model
(FRDM) with Bardeen-Cooper-Schrieffer methods indi-
cated the prolate-to-oblate shape phase transition occurs
at N = 74, 73, 72 for 40Zr, 41Nb, 42Mo isotopes, re-
spectively [11]. The covariant density functional theory
(CDFT) with density-dependent point-coupling param-
eters, and the Hartree-Fock-Bogoliubov (HFB) calcula-
tions with D1S-Gogny interaction, predicted a gradual
shape-phase transition from gamma soft rotor at 100Mo
(N = 58) to well-deformed oblate shape at 110Mo (N =
68) [12, 13]. On the experimental side, the ground state
of 110Zr was suggested to be a well-deformed shape [14–
16], contradicting to a predicted doubly-magic spherical
nuclei and the existence of N = 70 subshell gap [17].



2

2.65 2.7 2.75 2.8 2.85

Mass-to-charge ratio A/Q

39

40

41

42

43

44

A
to

m
ic

 n
u

m
b

e
r 

Z

1

10

210

3
10

410

Nb
113

111

Zr

115

Mo

FIG. 1. (color online). Particle identification plot with atomic
number (Z) vs mass-to-charge ratio constructed by the TOF-
Bρ-∆E mechanism. The isotopes of 111Zr, 113Nb, 115Mo are
tagged with red circles in this plot.

The energy and lifetime measurements of low-lying ex-
cited states in 100−110Zr, did not show any signature of
oblate structures in the 40Zr isotopes [6, 8]. The flat pat-
tern of (∆EJ -∆EJ−1)/E(2+1 ) observed in 110Mo suggests
its gamma vibrational feature, inconsistent with the pre-
viously suggested gamma-soft rotor [9, 18]. There is no
experimental signature of oblate shape and γ-soft rotor
observed in the 42Mo isotopes.

Detailed nuclear structure information in the neutron-
rich A ≈ 110 region has potential implications on the un-
derstanding the rapid (r-) neutron capture process [19].
Traditional main r-process nucleosynthesis is not capa-
ble of reproducing the observed abundance around the
mass A ≈ 110 region. A new nucleosynthesis mechanism
named ”weak r-process” is introduced for the compen-
sation [20]. The spectroscopic information in the mass
A ≈ 100 region is extremely rare due to lots of hard-
overcome difficulties in the isotope productions. Recent
developments of new generation radioactive beam ac-
celerator systems employing the production mechanisms
of in-flight fission and fragmentation provide an oppor-
tunity to access the first spectroscopic information in
this region. Study of the low-lying excited states in the
neutron-rich A ≈ 110 nuclei will serve as a benchmark
for testing theoretical calculation, and helps better un-
derstand the contributions of main and weak r-process
nucleosynthesis.

In the present work, we will briefly report the identi-
fication of isomeric states in 111Zr, 113Nb, 115Mo, which
will provide a guidance for the future studies with the
development of Rare Isotope Facilities.
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FIG. 2. (color online) Energy spectra of delayed γ rays from
111Zr, 113Nb, 115Mo observed within 0.5 µs, 2.6 µs, 300 µs
following implantation, respectively. (Inset) The exponential
decay curves from the isomeric decay of 111Zr, 113Nb, 115Mo
obtained by gating on the 265-keV, 135-keV, 188-keV transi-
tions, respectively, as well as an energy spectrum of delayed γ
rays from 115Mo with a range of 85-99 keV. The half-lives of
isomeric states were extracted by fitting the decay curve with
the unbinned Maximum Likelihood Method.

II. EXPERIMENT

The neutron-rich isotopes 111Zr, 113Nb, 115Mo were
produced by a 345-MeV/u 238U primary beam with an
intensity of ∼ 30 pnA impinging on a 4-mm 9Be target
at the Radioactive Isotope Beam Factory (RIBF). The
projectile fission fragments were selected and identified
by the large-acceptance BigRIPS and ZeroDegree spec-
trometers. Separation and identification of the cocktail
secondary beam were conducted based on the TOF-Bρ-
∆E principle by employing the radiation detectors along
the beam line (see Fig. 1) [21]. The isotopes of inter-
est were finally implanted in the beta counting system
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FIG. 3. Partial level scheme of 115Mo obtained in this work.
The widths of arrows represent the relative intensities of γ
transitions. The dashed arrow shows the unobserved transi-
tion due to the small energy of 10-keV.

with a rate of ∼ 30 pps, which consists of four Dou-
ble Sided Silicon Strip Detectors (DSSSDs) and one seg-
mented YSO (Yttrium Orthosilicate, Y2SiO5) detector
surrounded by 140 proportional counters filled with 3He
gas and two HPGe clover-type detectors embedded in a
high density polyethylene moderator [22–25]. The emit-
ted prompt and β-delayed γ rays were detected with a
full-energy peak γ detection efficiency of 1.93(5)% at 1
MeV calibrated with the 133Ba and 152Eu sources [26–
28]. The present work is part of the BRIKEN campaign,
which is an international collaborative experimental pro-
gram aiming to study the β-delayed neutron emission at
RIKEN [29].

Data analysis was performed using conventional de-
cay spectroscopy techniques after the identification of im-
planted ions on an event by event basis [19, 30, 31]. The
prompt γ-rays are correlated with the heavy ions by the
time-stamp information. The energy spectra of delayed
γ rays in 111Zr, 113Nb and 115Mo are displayed in Fig. 2
with the identified transitions depopulating from the iso-
meric states. The exponential curves of isomeric decay
obtained by applying the gates of delayed γ-rays, are fit-
ted with the unbinned Maximum Likelihood Method to
extract the half-lives. The reduced transition strength
B(σλ) in 111Zr, 113Nb, 115Mo are extracted by assuming
different multipolarity (see Table. I) and taking into ac-
count the Internal Conversion coefficients calculated us-
ing BrIcc [32]. Excitation energies of the isomeric states
in 111Zr, 113Nb, 115Mo are much lower than the energy
needed to break a pair of protons and neutrons(2∆π =
2.5 MeV and 2∆ν = 2.1 MeV [33, 34]), indicating their
origins from single proton or neutron configurations.

III. RESULTS AND DISCUSSION

Because of the limited information in this measure-
ments, the spins and parities of levels, as well as their
associated collective structures, cannot be well investi-
gated. However, some key characteristic properties of
the gamma transitions could be identified and indicated.

The isomeric state decaying to the ground state via a
transition of 265-keV was observed in 111Zr, with an iso-
meric ratio estimated at 17 (2) %. The half-life was mea-
sured to be a value of 0.10(7) µs by fitting the decay curve
in coincidence with the 265-keV transition (see Fig. 2
(top)). The calculated transition strengths when assum-
ing various transition types (see Table. I) ruled out M2
and higher-multipole transitions due to their strengths
exceed the recommended upper limit for each type of
transition [35]. The small isomeric ratio indicates the
higher spin of the isomeric state compared to the one of
ground state since the high-spin excited states are favored
to be populated by the in-flight fission and fragmentation
mechanism [36–38],.

The isomeric state at 135-keV was first identified
in 113Nb, with a half-life estimated at 0.7(4) µs (see
Fig. 2 (middle)). The isomeric ratio was determined
to be 9(2)% by a ratio between the adopted level in-
tensity and total implanted 113Nb events. The M2 and
higher-multipole transitions were ruled out due to their
strengths exceed the recommended upper limit for each
type of transition [35] (see Table. I). The small isomeric
ratio suggests that the spin of isomeric state is larger
than the one of ground state [36–38].

The isomeric state at 198 keV was first identified in
115Mo, with an isomeric ratio and a half-life estimated
at more than 90% and 46(3) µs (see Fig. 2 (bottom)).
The proposed level scheme of 115Mo with the tentatively
assigned spins and parities are displayed in Fig. 3. The
intensity of the 94-keV gamma line in the spectrum is di-
vided and placed as a doublet, to account for the energy
of the 188-keV level (see Fig. 2 (bottom)). The energy
10-keV transition between the 198-keV and 188-keV lev-
els is too small to be observed with the current experi-
mental setup. The relative intensities of transitions were
displayed in Table. II. The large isomeric ratio indicates
the lower spin of 198-keV level compared to the one of
ground state [36–38].

IV. SUMMARY

In summary, the isomeric states in 111Zr, 113Nb, 115Mo
have been identified with the decent decay spectroscopy
technique, which provide the first spectroscopy in the
well-known nuclear region of prolate-to-oblate shape
phase transition. Future researches are essential to study
in detail about the shape transition in this region, by
employing more direct experimental techniques, such as
Coulomb Excitation, Charge Radius measurements etc.
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TABLE I. γ-ray relative intensities and B(σλ) values for transitions depopulating the isomeric state in 111Zr, 113Nb, 115Mo,
assuming different multipolarity.

B(σλ) (W.u.)

Nuclei Eγ (keV) E1 M1 E2 M2 E3

111Zr 265 1.6+36
−7 × 10−7 1.2+27

−5 × 10−5 1.3+31
−5 × 10−1 1.0+22

−4 × 10 1.6+37
−7 × 105

113Nb 135 1.6+21
−6 × 10−7 1.2+15

−5 × 10−5 4.0+53
−15 × 10−1 2.4+31

−9 × 10 7.4+98
−27 × 105

115Mo 198 6.1+123
−24 × 10−11 4.7+95

−19 × 10−9 9.3+187
−37 × 10−5 7.2+143

−29 × 10−3 2.2+43
−9 × 102

10 4.4(4) × 10−7 1.6(1) × 10−5 2.8(2) × 10−1 2.8(2) × 10 8.1(9) × 105

TABLE II. γ relative intensities observed in 115Mo

Eγ (keV) Ei (keV) Ef (keV) Relative Intensity

198 198 0 9(6)

188 188 0 100(6)

94 188 94 2(1)

94 94 0 2(1)
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