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New Ground State in *’La Removes
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Nuclear mass is a key indicator of how the nuclear shell structure evolves. The recent mass measurement
study of neutron-rich lanthanum isotopes [Jaries et al., Phys. Rev. Lett. 134, 042501 (2025)] reveals the
presence of a distinct prominence in their two-neutron separation energies. However, its presence has been
called into question based on the results of another mass determination [Liu, Ph.D. thesis, University of
Notre Dame, 2025, 10.7274/28766600.v1.]. In this Letter, we report an effort to clarify these contradictory
results through the use of the simultaneous mass-lifetime measurement of the neutron-rich lanthanum
isotope '“’La using a multireflection time-of-flight mass spectrograph combined with a f-TOF detector.
The peak corresponding to a f-decaying state was observed in the time-of-flight spectra at a position of
221(6) keV/c? lighter than the reported '“La mass in Jaries et al., but our measured result is in excellent
agreement with the mass value reported in Liu. We have concluded that this peak is the ground state
of “La. With this, the previously reported distinct prominence in the two-neutron separation energies
disappears, while a new kink structure, similar to that in the cerium isotopes, appears. Comparison with
theoretical models suggests that a nuclear shape transition from octupole deformation to another type of

deformation occurs around N = 91 and is likely the cause of this kink structure.
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Nuclear interactions can be sorted into two components:
monopole and multipole parts. The former corresponds to
the effect of the spherical mean field, while the latter part
majorly includes lower-order components, i.e., quadrupole
and octupole deformations. The competition between them
determines the intrinsic nuclear shape. The transitions
of nuclear shape can be found in sudden changes of the
nuclear binding energy (BE), which serves as a key indi-
cator for nuclear structure evolution.

The two-neutron separation energy, defined as
So(N,Z) = BE(N,Z) —BE(N —2,Z), is one of the use-
ful indicators to discuss nuclear structure evolution [1]. One
of the important nuclear-physics quantities characterized by
S,, 18 the neutron magic number, which appears as a drop in
the S,, trend. In regions far from stability on the nuclear
chart, traditional magic numbers vanish while new ones
emerge. Direct mass measurements support the neutron
magic number N = 32 in calcium [2], first suggested by
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p-end-point measurements [3]. Further studies revealed
magicities at N =32 and N = 34 in the isotopes from
potassium to scandium [4-7]. However, the charge radii
measurements [8,9] do not support the N = 32 shell in
potassium and calcium. For titanium and vanadium, a shell
closure at N = 40 was proposed [10], but it has recently
been rejected [11].

Distinct changes in S,,, trends also indicate nuclear shape
transitions and are observed at N = 60 and N =~ 90 on the
neutron-rich side. The former was initially confirmed in
zirconium with N = 58-60 [12] and later across rubidium
to molybdenum isotopes [13—18]. At N = 90, the bumps in
the S,, trends for the rare-earth isotopes are observed by
direct mass measurements [19-25].

The rare-earth region with N = 90 is located near the
area centered on the neutron-rich barium isotope '“*Bay,
which is one of only two regions where the strongest
octupole correlations are predicted (the other is around the
neutron-deficient radium isotope >2“Ra) [26]. This region is
a suitable venue for examining nuclear theories due to
the presence of various shape-related phenomena, such as
shape coexistence and static octupole deformation. Thus,
the experimental information on how nuclear deformation

© 2026 American Physical Society
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FIG. 1. (a) TOF spectrum of the singly charged A = 149 isobar

series produced from the 2>Cf source. The red-colored lines
indicate the fit results. The vertical dashed line represents the
expected peak position of “’La based on the JYFL result. (b) the
same as (a), but for doubly charged ions with the 248Cm source.
(c) Decay spectrum of the TOF-event-correlated f-decay events
in (b). A comparison of the '“’La half-life with the literature
values is also presented. For all panels, the red-colored lines
indicate the fit results.

evolves around '“Ba is necessary to improve the under-
standing of the multipole contributions in the nuclear force.

The recent advance in the region around '“Ba is the
mass measurement of the neutron-rich lanthanum isotopes
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FIG. 2. The black dots show the measured mass excess values
of “La. Charge state and production method are labeled on the
horizontal scale. The cyan- and orange-colored bands indicate the
reported mass excess values by JYFL and CPT, respectively.

148153 a5, _o¢ with the JYFLTRAP double Penning trap
spectrometer at the University of Jyviskyld [27] (hereafter
denoted as JYFL); this Letter reveals the presence of a
prominent bump in the S,, plot of the neutron-rich
lanthanum isotope series. The authors claimed that this
prominence is unlike that in the cerium isotope series, and
the evolution in §,, from N =94 to 95 is one of the
strongest changes in the chart of nuclides in the region
away from shell closures. However, another mass meas-
urement study with the Canadian Penning Trap at CARIBU
facility at Argonne National Laboratory [28] (“CPT”) has
reported a contradictory result for the atomic mass of
199 ay,; the CPT result is lighter by 221.6(32) keV /c? from
the mass reported in JYFL. Considering the high mass
resolving power of Penning trap mass spectrometry, this
difference is astounding. Since their measurements were
carried out with different charge states, ¢ = 1+ for JYFL
and ¢ =24 for CPT, it is possible that one group
inadvertently has misidentified the ion. If the CPT result
accurately reflects the mass of the '“La ground state, it
significantly alters the S,, trend from that reported in JYFL
and thus impacts the nuclear structure evolution in the
neutron-rich lanthanum isotopes, which are situated in the
mid-shell region. We will point out the relation between this
issue and the production methods.

The discovery of '#’La was reported by Engler et al. [29]
in 1979. Since then, several experimental half-lives have
been reported; in all cases [29-33], induced fission of
uranium isotopes was used to produce it. Their results are
quite similar, and their weighted average is the present
adopted value [34]. However, no half-life measurement
with a spontaneous fission source had been reported. For its
mass, as discussed above, two different values are reported
by the JYFL and CPT groups. They employed different
production methods: proton-induced fission of uranium
"y (p, f) for JYFL and spontaneous fission of californium
252Cf(sf) for CPT. In addition, the prompt y-ray measure-
ment with >*Cm(sf) pointed out that there eventually
might be a long-lived isomeric state [35]. Thus, it is
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TABLEI Weighted-average mass excess values ME. The '*°Ce
was used as the mass reference for all measurements. ME;;
indicates the literature’s mass excess values, and AME represents
the differences between MEj; and the mass excess values of the
present Letter: AME = ME — ME;;,. The detailed measurement
results are given in Supplemental Material [44].

Nuclide ~ME (keV)  MEy. (keV) Ref. of lit. AME
WINd  —74373(13) —74375.5(21) AME20  3(14)
W9pr  —71059.5(52) -71056.5(13) CPT  —3(5)
495 —60209.7(50) —60209.9(16)  CPT 0(5)
~59988.3(28) JYFL  —221(6)
498, —52821.5(8.4) —52830.6(25) AME20  9(9)

possible that differences in production methods might
account for the discrepancy between these mass determi-
nations if a long-lived isomeric state exists.

The recent development of the «/f-TOF (time-of-flight)
detectors allows for simultaneous measurements of nuclear
mass and decay properties [36,37]. Our previous efforts in
measuring the masses of superheavy [38] and heavy
nuclides [39], combined with a-decay properties, indicate
that simultaneous measurements are useful for unambigu-
ous event identification. In this Letter, we demonstrate
that the simultaneous mass-lifetime measurement solves
the issue regarding the mass of the '“La ground state.

The experiment was conducted using a multireflection
time-of-flight mass spectrograph (MRTOF-MS) at RIKEN
[40] combined with a -TOF detector [37]. The details of
the experimental setup are available elsewhere [23]. The
%9La ions were produced via spontaneous fission using two
different sources: 9.25 MBq >°Cf and 67 kBq >**Cm. The
measurements were carried out for both singly and doubly
charged ion states, for each fission source: the TOF spectra
were taken with four different conditions in total.

The analysis strategy for extracting nuclear masses from
TOFs is the same as used in [23], and for the TOF corre-
lated f-decay events, we refer to [41]. Here, we reiterate
the essential points of the analysis. The single reference
method [42] was employed for extracting mass values; the
ion mass my is given by my = p’ms, where myy is the
mass of the reference ion and p is the TOF ratio defined by
p=(tx —19)/(tes — 1y). tx and t,; are the TOFs of the
analyte and the mass reference, respectively, and f, is the
systematic offset depending on the measurement system.
The peaks were fitted with a modified exponential Gaussian
hybrid function previously shown to provide high accuracy
[23] to determine p. The isobaric mass references were used
for mass determination. With this, the uncertainty caused
by the error of the systematic offset 7 is 5(p*),s/p* < 107
[43] and is negligible in the present Letter.

The observed peak position of '*La is significantly
different from the predicted position based on the JYFL
result, as shown in Figs. 1(a) and 1(b). No visible sign of a
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FIG. 3. (a) Two-neutron separation energies of the barium,
lanthanum, and cerium isotope series. (b) Two-neutron shell gap
of the lanthanum isotope series. For details regarding the
theoretical predictions, see the main text. (¢) The nuclear
deformation parameters f in the FRDM12. 3, and f3; correspond
to the quadrupole and the octupole deformations, respectively.

second peak, which would correspond to the ions with the
1“La mass measured by the JYFL group, was observed at
the predicted position in any case. The analysis results of
each measurement are presented in Fig. 2, and their
weighted average values are given in Table I. The updated
mass value for '*°Ce reported in CPT [28] was used as the
mass reference. Taking all our measurements into account,
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the extracted mass excess (ME) value of %La is
ME = -60209.7(50) keV, which is 221(6) keV more
bound than the JYFL result and in excellent agreement
with the CPT result. For other nuclides present in our
measurement, our results are consistent with the literature
value within lo.

For another cross-check, the TOF-event-correlated
p-decay events were analyzed for '“La’>* ions fed by
the 2*Cm source; the -decay spectrum in Fig. 1(c) shows
that the observed peaks correspond to radioactive ions with
a half-life of 0.90(13) s, not molecules of stable isotopes.
This value is in agreement with the literature value of
1.091(34) s [34], differing by less than 1.5¢. The fit of
the f-decay spectrum comprises a decay curve, which
includes the contribution from the daughter nuclide, and a
constant background. The half-life of daughter nuclide
149Ce was the fixed parameter in the fit process, and its
value was taken from [34]. The relative detection effi-
ciency of '“)Ce was estimated through simulation using
Geant4 [45]. As a result, it ranges from 0.53 to 0.62, and
the uncertainty of the extracted half-life includes the
influence of this ambiguity. The total count rate of the
A = 149 isobar series at the f-TOF detector was around
0.06 cps during the measurement.

Based on these measurement results, we can conclude
that the observed '“La corresponds to a ground state. In
contrast, the present measurement results suggest that the
state previously studied in JYFL might correspond to a
long-lived isomeric state, assuming that spontaneous and
induced fissions can produce different final states of the
same fragments.

The new mass value of '“)La significantly alters the S,,
trend of the lanthanum isotopes at N = 92 and 94 reported
by JYFL, as shown in Fig. 3(a). The previously reported
distinct prominence around N = 93 has disappeared, while
a kink structure appears at the same point. Then, the S,,
trend of lanthanum isotopes now shows a similar pattern to
that of cerium isotopes.

The kink structure in the S,, plot of lanthanum isotopes
can be understood as a result of a nuclear shape transition
from octupole to another type of deformation. The two-
neutron shell gap of the lanthanum isotopes, defined by
Ay(N,Z) = S5,(N,Z) = S5, (N +2,Z) [1], is plotted in
Fig. 3(b) alongside several theoretical predictions: the
finite-range liquid-drop model (FRDM12) [46], the model
of Koura-Tachibana-Uno-Yamada (KTUYO0S5) [47], the
Skyrme-Hartree-Fock-Bogoliubov mass formula with the
BSk24 parameter set (HFB24) [48], the macroscopic-
microscopic model with surface diffuseness correction
(WS4) [49], the Duflo-Zuker parametrized mass formula
with 31 parameters (DZ31) [50], and the Bayesian machine
learning mass model (BML) [51]. The valleylike shape can
be confirmed in the A,, plot, and the bottom reaches
negative values. This indicates a significant change in the
nuclear shell structure, observed at N = 91 from the CPT

and the present measurements, whereas the result from
JYFL shows them at N = 91 and 92. Among the theoretical
models, the FRDM12 well reproduces this trend in A,, in
the range of 87 < N < 94. Figure 3(c) shows the nuclear
deformation parameters calculated in the FRDM12. One
notable aspect in the evolution of deformation parameters is
the disappearance of the octupole component f; around
N = 91. In contrast, the quadrupole component /3, slightly
enhances at the same point. The prompt y-ray measure-
ments of '“147La indicate that octupole correlations
weaken as the neutron number increases from N = 90 to
92 [52], which is consistent with the trend of deformation
parameters in the FRDM12. Neither level schemes nor
spectroscopic information are available for the lanthanum
isotopes of N > 93. For 148:159Bay, o, the cores of #151La,
the presence of an increasing collectivity toward prolate
deformation is pointed out, but the definite octupole
character still remains [53]. With this situation, their type
of deformation has been unclear. Therefore, one can
conclude that a nuclear shape transition from octupole
deformation to another type of deformation is the main
cause of the behaviors of S,, and A,, around N = 91.

By considering the presence of the two f-decaying
states, the issue with the spin-parity assignment in the
level scheme of '*La could be resolved. It has been studied
using two different methods: the f-delayed y-ray spectro-
scopy of “Ba [54] (“Sy04”) and the prompt p-ray
measurements of 2¥Cm(sf) [35] (“Ur07”). The observed
y-transitions belong to different bands, and no overlap
is confirmed. In Ur0O7, the authors conclude that the
y-transition by 2*%Cm(sf) ends at the 7/2~ state, based on
the nuclear level evolution of the odd-A lanthanum iso-
topes. However, the other results from Sy04 and the
measured “Ce level scheme following the $ decay of
9La [55] [which employed ?**U(n,f) for production]
suggest the ground state spin of 3/2. With this, Ur07 also
points out the possibility that this 7/2 state could be a
long-lived isomeric state with an excitation energy of less
than 35 keV; however, such a low-lying isomeric state has
not yet been observed. In the present measurement, we use
243Cm(sf) as the production method; therefore, the newly
identified f-decaying state should be the same as the 7/2~
state observed in Ur07. Then the 7/2" state is located lower
than the 3/2 state, and the constraint on the excitation
energy of the 7/2~ state is now unnecessary. Consequently,
a tentative spin assignment, which is consistent with all
previous experimental results concerning the '“’La level
scheme, becomes available.

In summary, we conducted a simultaneous mass-lifetime
measurement of '#9La. The peak corresponding to a
p-decaying state was observed in the TOF spectra at a
position of 221(6) keV/c? lighter than the recent JYFL
result. Therefore, we can conclude that the observed '*La
corresponds to its ground state. With this, the distinct
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prominence in the S, plot in the lanthanum isotope series
disappears, replaced by a kink structure around N = 92,
which is similar to that in the cerium isotopes. The
FRDM12 reproduces the trend of lanthanum isotopes’ A,,,.
This suggests that a nuclear shape transition from octupole
deformation to another type of deformation occurs around
N =91 and is likely the cause of this kink structure.
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