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Mass spectrometry of 75Zn ground and isomeric states from in-trap decay of 75Cu
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We report on high-precision mass measurements of the ground and first isomeric state of 75Zn, performed
using the time-of-flight ion-cyclotron-resonance technique at the ISOLTRAP Penning-trap mass spectrometer at
ISOLDE/CERN. The isomeric state was produced using in-trap decay of 75Cu. This marks the first direct inves-
tigation of the isomeric state of 75Zn via mass spectrometry. The isomer was observed at an excitation energy of
123.7(20) keV, in 2 σ agreement with the value previously determined through decay spectroscopy. In addition,
our measurements correct a misassignment of the ground-state mass excess based on a previous measurement
by Baruah et al., revising the value to −62681.0(21) keV. To further investigate the earlier discrepancy, we
explored the spin-parity assignments of the ground and isomeric states in 75Zn using Skyrme Hartree-Fock plus
Bardeen-Cooper-Schrieffer theoretical calculations, given the absence of definitive experimental data. In light
of the laser spectroscopy results from Wraith et al., our results add strong evidence for a spin-1/2 ground state,
which would agree with large-scale shell-model predictions as well as explaining disagreements with the Monte
Carlo shell model.
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I. INTRODUCTION

The zinc isotopic chain is of particular relevance, being the
first even-Z chain above the closed Z = 28 shell, nickel. As a
result, the odd-N zinc isotopes are sensitive to the evolution of
neutron orbitals, which can be studied through the properties
of their low-lying states.

Both even-even and odd-A Zn isotopes have been explored
by various techniques, including γ -ray spectroscopy [1,2],
laser spectroscopy [3–5], and mass spectrometry [6,7]. No-
tably, Ref. [8] provided the first direct lifetime measurements
of the 2+ states in 72Zn and 74Zn, revealing evidence for a
shape transition between N = 40 and N = 42 close to Z =
28. These findings suggest that 72,74Zn exhibit γ softness,
while Ref. [9] further proposes that 72Zn has an average
deformation close to maximal triaxiality in the γ degree of
freedom.

Additionally, laser spectroscopy studies have confirmed
the existence of triaxial shapes in even-mass 72,74Zn isotopes
and in the 5/2+ isomeric state of 73Zn [4]. Such triaxial
deformations are consistent with those observed in the heav-
ier even-even isotopes of Ge and Se within the same region
[10–16].
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In the field of mass spectrometry, the first measurement
of 81Zn, along with the neutron-rich isotopes 71m,72−80Zn,
was performed at ISOLTRAP in 2005 [6]. Following work
extended the Zn mass measurements up to 82Zn [7]. In Ref.
[6], only a single long-lived state of 75Zn was observed, and
its mass was assigned to the ground state. Subsequently, in
2011, Ilyushkin et al. [1] investigated the β decay of 75Cu
into states of 75Zn and, for the first time, identified an iso-
meric level at 127.01(9) keV that had not been observed
in the mass-spectrometry study of Ref. [6]. To clarify this
situation, we present here new experimental mass data for
75Zn obtained at ISOLTRAP [17,18]. Because this state is
not delivered in sufficient quantities directly from the target,
we have produced it through in-trap β decay [19,20] of 75Cu
in the ISOLTRAP-preparation Penning trap. Alongside the
experimental results, we also provide Skyrme Hartree-Fock
plus Bardeen-Cooper-Schrieffer (HF-BCS) calculations for
75Zn. The details of the experimental setup, procedures, and
data analysis are described in Sec. II, while Sec. III presents
the experimental and theoretical results in the context of ear-
lier work. Finally, Sec. IV summarizes and concludes the
study.

II. EXPERIMENT AND DATA ANALYSIS

A. Ion production and in-trap decay

At the ISOLDE facility radioactive-ion beams (RIB)
are produced via the isotope separation on-line (ISOL)
method [21,22]. Unlike the experiment presented in Ref. [6],
75Zn was not produced directly in target. Instead, the β-
decay parent nucleus 75Cu was produced and transported to
ISOLTRAP. To generate neutron-rich, medium-mass nuclei
such as 75Cu, neutron-induced fission reactions were utilized,
effectively suppressing the production of neutron-deficient
contaminants.

Proton bunches accelerated to a kinetic energy of 1.4 GeV
by CERN’s proton-synchrotron booster were directed onto
a tungsten spallation target, also referred to as a neutron
converter [23]. The resulting spallation neutrons initiated
fission reactions in a nearby thick uranium-carbide tar-
get. The fission products diffused and effused from the
target into a temperature-regulated transfer line, which
transported the neutral atoms to an ion source. In this ex-
periment, copper atoms were selectively ionized to the singly
charged state using the resonance ionization laser ion source
(RILIS) [24].

In the following stage, the Cu+ ions were accelerated using
a 30 kV potential and directed to the high-resolution separator
(HRS) of ISOLDE. There, nonisobaric contaminants (A �= 75)
were removed from the ion beam using two sector magnets.
The purified 75Cu+ ions were subsequently delivered as a
quasicontinuous beam to the ISOLTRAP setup (Fig. 1), where
time-of-flight ion-cyclotron-resonance (ToF-ICR) [26] mea-
surements were carried out.

The ISOLTRAP-measurement cycle begins in the helium-
filled radio-frequency quadrupole cooler and buncher (RFQ
CB) [27], which is located on a 30 kV high-voltage plat-
form, where incoming ions are decelerated, accumulated, and

cooled via collisions with helium buffer gas. After a cooling
period of 10 ms, the ions are extracted as a bunch, decel-
erated to approximately 3.2 keV by a pulse-down drift-tube
electrode, and then injected into a multireflection time-of-
flight mass spectrometer/separator (MR-ToF MS) [28] for
further purification. Inside the MR-ToF MS, another pulsed
drift tube is used to further reduce the ion energy and to
confine the ion bunch between two sets of mirror electrodes,
forming a trapping potential. The ions oscillate back and
forth for a predetermined number of revolutions. Because ions
of different masses travel at slightly different velocities, the
mass-dependent flight times result in a spatial separation of
the ions of interest (IoI) from isobaric contaminants. This
separation is then exploited to remove unwanted species dur-
ing ejection using a Bradbury-Nielsen gate. The remaining
75Cu+ ions are subsequently transferred to the prepara-
tion Penning trap, where they undergo helium buffer-gas
cooling.

Penning traps store charged particles via a superposition
of a homogeneous magnetic field and an electric quadrupole
field. This field configuration generates an ion motion, which
can be decomposed into three eigenmodes: the axial mode, the
cyclotron mode, and the magnetron mode. These eigenmodes
have characteristic eigenfrequencies, the axial frequency νz,
the modified cyclotron frequency ν+, and the magnetron fre-
quency ν−, which are described by the following equations in
the absence of field imperfections:

νc = 1

2π

q

m
B, (1)

νz = 1

2π

√
2C2V0

q

m
, (2)
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(
νz

νc

)2]
, (3)

with the cyclotron frequency νc, the electric charge q, the mass
m, the magnetic flux density B, the quadratic expansion coef-
ficient C2 of the electric potential, and the trapping voltage V0.

An initial waiting time inside the preparation Penning trap
serves to cool the axial and cyclotron mode of the stored
ions, utilizing collisions with helium buffer gas. Typically,
a cooling time of a few 10 ms is sufficient to thermalize the
modes. However, for 75Cu+, an extended cooling time, which
was varied between 1 and 9 s was used, which allowed the
majority of the ions to undergo in-trap β decay, producing
both the ground- and first-isomeric state of 75Zn+. To remove
any residual 75Cu+ ions, mass-selective buffer-gas cooling
was employed [29].

For this, an initial 25–ms quadrupole excitation at the
estimated cyclotron frequency of 75Zn+ was applied, which
selectively couples the magnetron and cyclotron mode of this
species via the sideband relation νc = ν− + ν+. In combina-
tion with the collisional cooling of the cyclotron mode, this
coupling effectively cools the magnetron mode, which is, in
contrast to the other two modes, heated by the buffer-gas
collisions. Then a 10-ms dipole excitation at the magnetron
frequency, which is to first order mass independent, was
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FIG. 1. Schematic of the ISOLTRAP setup. The black arrows illustrate the ion path for the ions of interest, originating from the
ISOLDE RIB source, and for the reference ions, produced by an offline alkali-ion source, as they pass through the four ion traps of
the ISOLTRAP system. The inset displays the decay scheme of 75Cu to the ground and isomeric states of 75Zn with the associated
half-lifes [25].

applied to drive all ions onto large magnetron orbits. The IoI
were then selectively recentered by another 25-ms quadrupole
excitation at νc, after which a cooling time of 25 ms served to
rethermalize the cyclotron mode.

During extraction from the preparation trap, an aperture
blocked the contaminant ions, which remained on large mag-
netron orbits, allowing only the recentered IoI to pass through.
Finally, the IoI were transferred to the measurement Penning
trap, where their cyclotron frequency νc was determined via
the ToF-ICR technique [26].

B. ToF-ICR mass measurement

The ToF-ICR measurement begins with a 10-ms phase-
locked dipolar magnetron excitation [30], which drives the
ions onto large magnetron orbits. This is followed by a 600-ms
quadrupole radio-frequency excitation at νrf ≈ νc. When on
resonance, the excitation couples the magnetron and cyclotron
mode, and increases the cyclotron radius in the process. Since
ν+ � ν−, this coupling substantially increases the magnetic
moment.

After the excitation, the ions are ejected from the measure-
ment trap towards a microchannel-plate (MCP) detector. As

they pass through the magnetic-field gradient of the magnet’s
fringe field, the ions experience an acceleration proportional
to their magnetic moment. By recording the ToF as a func-
tion of excitation frequency, ToF resonances are obtained. A
minimum corresponds to resonant coupling at the cyclotron
frequency νc. An example of such a ToF resonance, obtained
in the 75Zn run, is shown in Fig. 2.

A total of nine ToF resonances were recorded over
the course of two days, with a cumulative ion count of
10 653. These measurements were periodically interrupted
to acquire reference ToF spectra using 85Rb+ ions from
an offline alkali surface-ion source. The reference mea-
surements served to calibrate the magnetic field in the
measurement trap and to determine the dimensionless mass
ratio

r = mioi

mref
= νc,ref

νc,ioi
, (4)

where the charge ratio cancels out, as only singly charged ions
were used, and the magnetic-field dependence is eliminated
through temporal interpolation.
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FIG. 2. One of the nine recorded ToF double-resonances with
binned ion counts (blue), averaged ToF values (black), and a fit to
the data using the model described in the text (red).

C. Data Analysis

The individual data sets were analyzed with the ToF-
ICR software package EVA [31], which employs the line
shape described in Ref. [26]. To correct for systematic shifts
caused by ion-ion interactions, a so-called z-class analysis
was performed [32]. In this procedure, the cycles of each ToF
spectrum were grouped according to their count rate to gen-
erate subspectra. These subspectra were then fitted, and the
z-class-corrected cyclotron frequency was obtained by linear
extrapolation to a count rate equal to the detector efficiency
(ε ≈ 0.3). This corresponds to a single ion per cycle, and
therefore, no shift due to ion-ion interaction.

Additional consistency checks were carried out by compar-
ing the z-class analysis with fits to the unfiltered data as well
as with fits restricted to cycles containing at most two ions.
Except for one low-statistics spectrum, affected by a technical

TABLE I. Experimental results obtained in this work.

Mass excess
Ion Reference Mass ratio r � (keV)

75Zn+ 85Rb+ 0.882 476 331(26)stat (7)sys –62681.0(21)
75mZn+ 85Rb+ 0.882 477 908(24)stat (7)sys –62556.3(20)

stop and therefore excluded from the final results, all analyses
agreed within their uncertainties.

Systematic contributions were accounted for by adopting a
relative mass-dependent shift of 1.6 × 10−10 u−1 and a resid-
ual statistical uncertainty of 8 × 10−9, as established in Refs.
[32,33] from studies of carbon clusters at ISOLTRAP. Cross-
check measurements of 85Rb+ against 133Cs+, performed
before and after the zinc measurements, yielded frequency
ratios consistent with the atomic-mass evaluation (AME2020)
[34]. Ultimately, the dominant contribution to the uncertainty
in the mass determination remained statistical. For the final re-
sults presented below, only the z-class evaluation was adopted.

III. RESULTS AND DISCUSSIONS

The results of the data analysis are summarized in Ta-
ble I and displayed in the left panel of Fig. 3, together
with the AME2020 mass value, which is based on the
measurement reported in Ref. [6]. The comparison of the
mass excesses reveals a clear correspondence between the
AME2020 value and the isomeric-state mass excess obtained
in this work. The value from Ref. [6] (−62 558.9(20) keV)
is in 1 σ agreement with the new isomer mass. Our result is
also in agreement with a recent MR-ToF measurement from
RIKEN [35] (−62 571(13) keV), who also assumed they had
measured the ground state, but our measurement is over six
times more precise.

From the ToF-ICR double-resonance measurements of the
two 75Zn states following in-trap decay of 75Cu, we could

FIG. 3. (Left): Comparison of the mass-excess values obtained in this work with those adopted in AME2020. The measured isomeric
mass agrees within one combined standard deviation with the AME2020 value, determined 100 % by Ref. [6], indicating a previous misas-
signment. (Right): Two-neutron separation energies for nuclei in the vicinity of 75Zn. Incorporating the present experimental results yields a
smoother S2n trend. The inset highlights the adjusted values at N = 45 and N = 47.
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determine the branching ratio between the two states. In the
in-trap decay measurements, the isomeric ratio was Nm/(Ng +
Nm) = 0.60(7) for the shortest storage time of 1 s, neglecting
shifts in the ratio due to decays to 75Ga. For the longest
storage time of 9 s, the ratio shifted to 0.74(3), indicating
that the half-life of the isomeric state exceeds the 5 s, esti-
mated from trends in neighboring nuclei [25], and is likely
larger than the half-life of the ground state. However, limited
statistics preclude a definitive determination of the isomeric
half-life.

The mass of 75Zn produced directly at ISOLDE was first
measured in 2005 by Baruah et al. [6], where a single ion
species was observed and attributed to the ground state of
75Zn. Later, Ilyushkin et al. [1] reported the level scheme of
75Zn based on the β decay of 75Cu. Their γ -ray spectroscopy
results tentatively assigned the ground and isomeric state of
75Zn spin-parities of 7/2+ and 1/2−, respectively.

It is well established that laser spectroscopy provides
information on nuclear spin, but it cannot unambiguously
determine on its own which state corresponds to the ground
state and which to an isomeric state. Laser spectroscopy
studies reported in Refs. [3,5] identified levels with spins
7/2 and 1/2. The corresponding parity assignments were ob-
tained from nuclear magnetic-moment measurements. The
laser-spectroscopy results are consistent with the spin values
proposed by the β-decay results discussed earlier [1], but
cannot by themselves decide on the ordering between the two
states.

An additional piece of information with respect to spin
assignment comes from the production ratio of the two states.
In laser-spectroscopy studies performed at ISOLDE, it was
established that the production ratio between the 7/2 and 1/2
state in 75Zn is 6:1 [3]. The corresponding experiment used
a similar target-ion-source assembly and production mecha-
nism (neutron-induced fission of uranium) as the ISOLTRAP
experiment of Ref. [6]. The determined ratio is consistent
with the expected yield of approximately 85 %, assuming the
Madland-England model [36,37]. This suggests that the mass
measured in the experiment of Baruah et al. [6] is the 7/2
state. Since this mass value corresponds to the larger of the
two masses measured in this work, it appears that the 7/2 state
should be the excited state, while the ground state in 75Zn
should have spin 1/2.

If the 7/2+ level is not the ground state, it implies that the
ground state is 1/2−. In such a case, the spin-parity assign-
ments of several excited states would need to be reconsidered
due to the established γ -ray transitions connecting them. For
instance, the 475 keV level, previously assigned as 9/2+ [1],
would need to be reinterpreted as 1/2+,−, 3/2+,−, or 5/2+,−.

The right panel of Fig. 3 shows the two-neutron separation
energy

S2n(Z, N ) = BE (Z, N ) − BE (Z, N − 2)

= [m(Z, N − 2) + 2mn − m(Z, N )]c2, (5)

with the binding energy BE , the neutron mass mn, and the
speed of light c, as a function of neutron number for Ni,
Zn, Ge, and Se isotopes. Since this work distinguishes be-
tween the ground- and isomeric-state masses of 75Zn, new

S2n values at N = 45 and N = 47 have been obtained, as
highlighted in the inset of the figure. These results make the
downward linear trend in S2n with increasing neutron number
smoother.

According to theoretical studies on the even-Z , N = 45
isotones [1], the 7/2+ state arises from Coriolis mixing among
three neutrons occupying the 1g9/2 orbital, while the 1/2−
state is a consequence of the nearby 2p1/2 orbital. Low-lying
7/2+ states in this mass region have long been interpreted as
dominated by a (g9/2)3 configuration [38].

Theoretical predictions for the ground and low-lying-
excited states of 75Zn vary considerably across the literature
[3,5]. In Ref. [3], large-scale shell-model calculations were
performed using different model spaces and effective inter-
actions. The simplest configuration employs a 56Ni core with
the JUN45 effective interaction [39]. Beyond this, an extended
model space was explored that includes additional proton and
neutron excitations. For this extended model, two interac-
tions were applied: the modified A3DA interaction (A3DA-m)
within the Monte Carlo shell model (MCSM), and a modified
LNPS interaction (LNPS-m), for the description of odd-A zinc
isotopes in the range 71−79Zn [40–42].

The resulting predictions for 75Zn differ significantly
depending on the chosen interaction: the ground-state spin-
parity is 5/2+ with A3DA-m, 1/2− with LNPS-m, and 9/2+
with JUN45. Notably, none of these theoretical results agree
with one another, nor do they match the experimentally pro-
posed 7/2+ ground state reported in Ref. [1].

In addition, we present our own calculations based on
the HF-BCS approach developed in Ref. [43]. Within this
framework, the spin and parity of the ground and excited
states of an odd-mass nucleus are determined through a self-
consistent blocking of the single-particle (s.p.) orbitals located
near the Fermi level in the s.p. spectrum of the corresponding
even-even core nucleus. The ground state is identified as the
configuration with the lowest total energy obtained from the
self-consistent solution, while the excited states correspond
to quasiparticle (q.p.) states with successively higher total
energies. The BCS pairing constants are initially adopted and
subsequently adjusted to reproduce the energy of the first-
excited 2+

1 state of the even-even core nucleus, as determined
from the microscopically calculated moment of inertia (for
further details, see Ref. [44]).

We applied this procedure to 75Zn using the well-
established SIII Skyrme interaction [45] as a starting
point, followed by several additional interactions, including
SLyIII.0.8, SkM*, and SLy4, among others. Across all tested
interactions, our calculations consistently predict the ground-
state spin and parity of 75Zn to be 5/2+. In addition, the
calculations indicate the presence of low-lying excited states
with spin and parity 7/2+, 1/2−, and 9/2+, corresponding to
one-q.p. excitations whose ordering depends on the adopted
pairing strengths. Overall, these results are in agreement with
the MCSM predictions using the A3DA-m interaction re-
ported in Ref. [3].

We further applied the same calculation procedure to the
neighboring odd-mass isotopes 73,77Zn. For 73Zn, the results
indicate that the ground-state spin depends on the adopted
pairing strengths: either 1/2−, with 5/2+ appearing as a one-
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TABLE II. Theoretical ground-state spin-parities of 75Zn.

Nucleus Interaction Jπ Reference

75Zn SIII, SLyIII.0.8, SkM*, SLy4 5/2+ this study
A3DA-m 5/2+ [3]
LNPS-m 1/2− [3]
JUN45 9/2+ [3]

q.p. excitation, consistent with the MCSM calculations using
the A3DA-m interaction and the experimental data [3,4],
or 5/2+, as predicted by the MCSM calculations with the
LNPS-m interaction [3]. For 77Zn, our calculations consis-
tently predict a 7/2+ ground state, in agreement with both
A3DA-m and LNPS-m MCSM calculations as well as the
reported experimental data [3]. In this case, the 9/2+ and
5/2+ configurations appear as one-q.p. excited states. Sum-
marizing the results of the theoretical investigations discussed
above, it becomes evident that for the neighboring isotopes
73Zn and 77Zn, both the HF-BCS and MCSM approaches are
able, under certain conditions such as appropriate interaction
choices or pairing strengths, to reproduce the experimentally
established ground-state spin and parity. However, for 75Zn,
none of the theoretical frameworks predicts the 7/2+ state as
ground state.

As our discussion focuses primarily on the spin–parity
assignments of the ground and isomeric states, the detailed
level scheme is not presented here. Given the inconsistencies
among the theoretical models, only the calculated ground-
state spin-parity values are summarized in Table II.

We presented experimental evidence that the ground state
of 75Zn has spin 1/2. However, this relies on the assumption
that in both the previous mass spectrometry [6] and laser
spectroscopy [3] experiments, the production conditions were
identical. While both experiments used neutron-induced fis-
sion of uranium at the same primary-beam energy, one cannot
exclude differences in the position of proton impact on the
neutron converter or the fraction of protons scattered on the
target, determining proton-induced fission. While it is unlikely
that these factors alone could lead to a complete reversal
of the 75Zn state predominantly produced from the fission
of uranium, the evidence presented in this work for a 1/2−
ground state in 75Zn should be regarded as indirect. To directly
confirm the assignments for the ground and isomeric states,
further detailed spectroscopic investigations are required.

IV. CONCLUSIONS

In this work, the masses of both the ground and isomeric
state of the 75Zn nucleus were measured at ISOLTRAP. The
isomeric state was identified for the first time by mass spec-
trometry at an excitation energy of 123.7(20) keV. In the
context of previous experimental observations [6], questions
about the spin-parity assignments of the ground and iso-
meric states of 75Zn arise. Numerous theoretical studies have
addressed this nucleus, yet their predictions are often incon-
sistent with one another. The theoretical model presented in
this work also yields results that differ from some of those
reported previously.

Based on the results of earlier ISOLDE experiments [3,6],
our findings provide evidence supporting a 1/2− ground state
in 75Zn. Nonetheless, additional experimental investigations
are required to conclusively establish this assignment. Such
studies would provide valuable benchmarks for refining and
improving theoretical nuclear-structure models.
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C. Bauer, et al., Axial and triaxial degrees of freedom in 72Zn,
Phys. Lett. B 841, 137933 (2023).

[10] T. D. Johnson, T. Glasmacher, J. W. Holcomb, P. C. Womble,
S. L. Tabor, and W. Nazarewicz, Rotational band structure in
75Se, Phys. Rev. C 46, 516 (1992).

[11] Y. Toh, C. J. Chiara, E. A. McCutchan, W. B. Walters, R. V. F.
Janssens, M. P. Carpenter, S. Zhu, R. Broda, B. Fornal, B. P.
Kay, et al., Evidence for rigid triaxial deformation at low energy
in 76Ge, Phys. Rev. C 87, 041304(R) (2013).

[12] J. J. Sun, Z. Shi, X. Q. Li, H. Hua, C. Xu, Q. B. Chen, S. Q.
Zhang, C. Y. Song, J. Meng, X. G. Wu, et al., Spectroscopy
of 74Ge: From soft to rigid triaxiality, Phys. Lett. B 734, 308
(2014).

[13] L. Guo, J. A. Maruhn, and P.-G. Reinhard, Triaxiality and shape
coexistence in germanium isotopes, Phys. Rev. C 76, 034317
(2007).

[14] N. Yoshinaga and K. Higashiyama, Band structure of neutron
rich Se and Ge isotopes, J. Phys.: Conf. Ser. 445, 012032
(2013).

[15] G. H. Bhat, W. A. Dar, J. A. Sheikh, and Y. Sun, Nature of γ

deformation in Ge and Se nuclei and the triaxial projected shell
model description, Phys. Rev. C 89, 014328 (2014).

[16] M. Lettmann, V. Werner, N. Pietralla, P. Doornenbal, A.
Obertelli, T. R. Rodríguez, K. Sieja, G. Authelet, H. Baba,
D. Calvet, et al., Triaxiality of neutron-rich 84,86,88Ge from
low-energy nuclear spectra, Phys. Rev. C 96, 011301(R)
(2017).

[17] M. Mukherjee, D. Beck, K. Blaum, G. Bollen, J. Dilling, S.
George, F. Herfurth, A. Herlert, A. Kellerbauer, H.-J. Kluge,
et al., ISOLTRAP: An on-line Penning trap for mass spectrom-
etry on short-lived nuclides, Eur. Phys. J. A 35, 1 (2008).

[18] D. Lunney (on behalf of the ISOLTRAP Collaboration), Ex-
tending and refining the nuclear mass surface with ISOLTRAP,
J. Phys. G: Nucl. Part. Phys. 44, 064008 (2017).

[19] A. Herlert, D. Beck, K. Blaum, F. Carrel, P. Delahaye, S.
George, C. Guénaut, F. Herfurth, A. Kellerbauer, H.-J. Kluge,
et al., Mass spectrometry of atomic ions produced by in-trap
decay of short-lived nuclides, New J. Phys. 7, 44 (2005).

[20] P. Ascher, N. Althubiti, D. Atanasov, K. Blaum, R. B. Cakirli,
S. Grévy, F. Herfurth, S. Kreim, D. Lunney, V. Manea, et al.,
Mass measurements of neutron-rich isotopes near N = 20 by

in-trap decay with the ISOLTRAP spectrometer, Phys. Rev. C
100, 014304 (2019).

[21] U. Köster, Intense radioactive-ion beams produced with the
ISOL method, Eur. Phys. J. A 15, 255 (2002).

[22] R. Catherall, W. Andreazza, M. Breitenfeldt, A. Dorsival, G. J.
Focker, T. P. Gharsa, T. J. Giles, J.-L. Grenard, F. Locci, P.
Martins, et al., The ISOLDE facility, J. Phys. G: Nucl. Part.
Phys. 44, 094002 (2017).

[23] R. Catherall, J. Lettry, S. Gilardoni, U. Köster, The ISOLDE
Collaboration, Radioactive ion beams produced by neutron-
induced fission at ISOLDE Nucl. Instrum. Methods Phys. Res.,
Sect. B 204, 235 (2003).

[24] V. N. Fedosseev, L.-E. Berg, D. V. Fedorov, D. Fink, O. J.
Launila, R. Losito, B. A. Marsh, R. E. Rossel, S. Rothe, M. D.
Seliverstov, et al., Upgrade of the resonance ionization laser
ion source at ISOLDE on-line isotope separation facility: New
lasers and new ion beams, Rev. Sci. Instrum. 83, 02A903
(2012).

[25] F. G. Kondev, M. Wang, W. J. Huang, S. Naimi, and G. Audi,
The NUBASE2020 evaluation of nuclear physics properties,
Chinese Phys. C 45, 030001 (2021).

[26] M. König, G. Bollen, H.-J. Kluge, T. Otto, and J. Szerypo,
Quadrupole excitation of stored ion motion at the true cyclotron
frequency, Int. J. Mass Spectrom. Ion Processes 142, 95 (1995).

[27] F. Herfurth, J. Dilling, A. Kellerbauer, G. Bollen, S. Henry,
H.-J. Kluge, E. Lamour, D. Lunney, R. B. Moore, C.
Scheidenberger, et al., A linear radiofrequency ion trap for
accumulation, bunching, and emittance improvement of ra-
dioactive ion beams, Nucl. Instrum. Methods Phys. Res., Sect.
A 469, 254 (2001).

[28] R. N. Wolf, F. Wienholtz, D. Atanasov, D. Beck, K. Blaum, Ch.
Borgmann, F. Herfurth, M. Kowalska, S. Kreim, Yu A. Litvinov,
et al., ISOLTRAP’s multi-reflection time-of-flight mass separa-
tor/spectrometer, Int. J. Mass Spectrom. 349-350, 123 (2013).

[29] G. Savard, St Becker, G. Bollen, H.-J. Kluge, R. B. Moore, Th
Otto, L. Schweikhard, H. Stolzenberg, and U. Wiess, A new
cooling technique for heavy ions in a Penning trap, Phys. Lett.
A 158, 247 (1991).

[30] K. Blaum, G. Bollen, F. Herfurth, A. Kellerbauer, H.-J. Kluge,
M. Kuckein, S. Heinz, P. Schmidt, and L. Schweikhard, Recent
developments at ISOLTRAP: towards a relative mass accuracy
of exotic nuclei below 10−8, J. Phys. B: At. Mol. Opt. Phys. 36,
921 (2003).

[31] S. Schwarz, R. Ringle, EVA software and documentation,
(2016).

[32] A. Kellerbauer, K. Blaum, G. Bollen, F. Herfurth, H.-J.
Kluge, M. Kuckein, E. Sauvan, C. Scheidenberger, and L.
Schweikhard, From direct to absolute mass measurements: A
study of the accuracy of ISOLTRAP, Eur. Phys. J. D 22, 53
(2003).

[33] A. Kellerbauer, Recent improvements of ISOLTRAP: absolute
mass measurements of exotic nuclides at 10−8 precision, Int. J.
Mass Spectrom. 229, 107 (2003).

[34] M. Wang, W. J. Huang, F. G. Kondev, G. Audi, and S. Naimi,
The AME 2020 atomic mass evaluation (II). Tables, graphs and
references, Chinese Phys. C 45, 030003 (2021).

[35] W. Xian, M. Rosenbusch, V. H. Phong, M. Wada, P. Schury, D.
Hou, A. Takamine, S. Chen, T. Niwase, Y. Hirayama, et al.,
Atomic mass measurements of neutron-rich nuclides on the
path to 78Ni with a β-TOF-equipped MRTOF device, Front.
Phys. 13, 1644477 (2025).

044321-7

https://doi.org/10.1016/j.physletb.2019.134805
https://doi.org/10.1103/PhysRevLett.101.262501
https://doi.org/10.1103/PhysRevLett.110.041101
https://doi.org/10.1103/PhysRevC.85.054321
https://doi.org/10.1016/j.physletb.2023.137933
https://doi.org/10.1103/PhysRevC.46.516
https://doi.org/10.1103/PhysRevC.87.041304
https://doi.org/10.1016/j.physletb.2014.05.069
https://doi.org/10.1103/PhysRevC.76.034317
https://doi.org/10.1088/1742-6596/445/1/012032
https://doi.org/10.1103/PhysRevC.89.014328
https://doi.org/10.1103/PhysRevC.96.011301
https://doi.org/10.1140/epja/i2007-10528-9
https://doi.org/10.1088/1361-6471/aa6752
https://doi.org/10.1088/1367-2630/7/1/044
https://doi.org/10.1103/PhysRevC.100.014304
https://doi.org/10.1140/epja/i2001-10264-2
https://doi.org/10.1088/1361-6471/aa7eba
https://doi.org/10.1016/S0168-583X(02)01915-8
https://doi.org/10.1063/1.3662206
https://doi.org/10.1088/1674-1137/abddae
https://doi.org/10.1016/0168-1176(95)04146-C
https://doi.org/10.1016/S0168-9002(01)00168-1
https://doi.org/10.1016/j.ijms.2013.03.020
https://doi.org/10.1016/0375-9601(91)91008-2
https://doi.org/10.1088/0953-4075/36/5/311
https://doi.org/10.1140/epjd/e2002-00222-0
https://doi.org/10.1016/S1387-3806(03)00262-8
https://doi.org/10.1088/1674-1137/abddaf
https://doi.org/10.3389/fphy.2025.1644477


M. MÜLLER et al. PHYSICAL REVIEW C 113, 044321 (2026)

[36] D. G. Madland and T. R. England, The influence of isomeric
states on independent fission product yields, Nucl. Sci. Eng. 64,
859 (1977).

[37] C. J. Sears, A. Mattera, E. A. McCutchan, A. A. Sonzogni,
D. A. Brown, and D. Potemkin, Compilation and evaluation
of isomeric fission yield ratios, Nuclear Data Sheets 173, 118
(2021).

[38] J. W. Mihelich, M. Goldhaber, and E. Wilson, Cross-over tran-
sition in the decay of Tc99m, Phys. Rev. 82, 972 (1951).

[39] M. Honma, T. Otsuka, T. Mizusaki, and M. Hjorth-Jensen, New
effective interaction for f5 pg9 -shell nuclei, Phys. Rev. C 80,
064323 (2009).

[40] Y. Tsunoda, T. Otsuka, N. Shimizu, M. Honma, and Y. Utsuno,
Novel shape evolution in exotic Ni isotopes and configuration-
dependent shell structure, Phys. Rev. C 89, 031301(R) (2014).

[41] T. Otsuka, Monte Carlo shell model, Nucl. Phys. A 693, 383
(2001).

[42] S. M. Lenzi, F. Nowacki, A. Poves, and K. Sieja, Island of
inversion around 64Cr, Phys. Rev. C 82, 054301 (2010).

[43] L. Bonneau, N. Minkov, D. D. Duc, P. Quentin, and J.
Bartel, Effect of core polarization on magnetic dipole mo-
ments in deformed odd-mass nuclei, Phys. Rev. C 91, 054307
(2015).

[44] N. Minkov, A. Pálffy, P. Quentin, and L. Bonneau, Skyrme-
Hartree-Fock-BCS approach to 229mTh and neighboring nuclei,
Phys. Rev. C 110, 034327 (2024).

[45] M. Beiner, H. Flocard, N. V. Giai, and P. Quentin, Nu-
clear ground-state properties and self-consistent calcula-
tions with the skyrme interaction, Nucl. Phys. A 238, 29
(1975).

044321-8

https://doi.org/10.13182/NSE77-A14501
https://doi.org/10.1016/j.nds.2021.04.005
https://doi.org/10.1103/PhysRev.82.972
https://doi.org/10.1103/PhysRevC.80.064323
https://doi.org/10.1103/PhysRevC.89.031301
https://doi.org/10.1016/S0375-9474(00)00605-9
https://doi.org/10.1103/PhysRevC.82.054301
https://doi.org/10.1103/PhysRevC.91.054307
https://doi.org/10.1103/PhysRevC.110.034327
https://doi.org/10.1016/0375-9474(75)90338-3

