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Neutron-deficient nuclei in the N ≈ Z , A ≈ 90 region were produced by fragmentation of a relativistic
107Ag beam at the GSI Helmholtz Centre for Heavy Ion Research (GSI), separated in the fragment separator
FRS, slowed down, and thermalized, and high-precision mass measurements were performed employing the
multiple-reflection time-of-flight mass spectrometer (MR-TOF-MS) of the FRS Ion Catcher. The masses of
91,93,95Rh, 89Ru, 88Tc, 87,88,89Mo, and 87,88,89Nb were determined. The mass of 91Rh was measured for the first
time. For 89Ru, the measured mass excess deviates by more than ten standard deviations (361 keV) from the
previous measurement. A possible misidentification of the measured nuclei, including 89Ru, with contaminants
was excluded using a newly developed identification technique for MR-TOF-MS measurements. For the other
nuclides, the measured masses agree well with previous measurements. The impact of the new masses on the
one-proton separation energy (Sp) of the nuclei with constant total isospin projection (Tz) in the island of inversion
around N = Z = 40 is investigated, and signatures of the deformed shell gap at Z = 38 are found. A comparison
of the experimental Sp values with the predictions of several mass models shows a general agreement of the
trends.

DOI: 10.1103/lsp5-qntn

I. INTRODUCTION

Exotic nuclei far from the valley of β stability are known
to exhibit striking phenomena, including the unusual evolu-
tion of nuclear shell closures [1,2]. These effects are often
associated with the appearance of deformed nuclear shapes
even at low excitation energies near closed shells. The corre-
sponding regions of the nuclear chart are known as “islands
of inversion” [3,4]. The island of inversion around N = Z =

40 is particularly rich in nuclear structure effects; nuclei in
this region of the nuclear chart exhibit rapid shape changes,
and states corresponding to spherical and deformed shapes
are expected to coexist at low energies [4–10]. While the
nuclei near N = Z = 34–35 are often associated with oblate
deformations [9,10], in the nuclei around N = Z = 38–42
strongly deformed prolate shapes often coexist with nearly
spherical shapes [4,8]. This large deformation is predicted
to then decrease gradually towards the spherical, doubly
magic 100Sn [11,12]. In addition to the oblate-prolate shape
transition at N = Z = 36, there have been experimental indi-
cations of significantly different nuclear shapes in the odd-odd
N = Z nuclides 70Br (Z = 35) and 78Y (Z = 39) and their
neighboring even-even N ≈ Z nuclides, which, so far, could
not be reproduced in theoretical calculations [8,11,13–16].
In addition to their nuclear shape, the empirical proton-
neutron interaction strength [17] also shows different trends
in odd-odd and even-even nuclei in the range N = Z = 29–37
[18,19]. This raises the question whether an odd-odd vs even-
even staggering of nuclear observables occurs in this region
of the nuclear chart.

Due to the wide variety and rapid changes of the ob-
served nuclear structures and shapes in the island of inversion
around N = Z = 40, measurements performed in this region
of the nuclear chart provide important testing grounds for
nuclear models [4,11,16,20–26]. These phenomena have been
associated with the population of 1g9/2 intruder orbitals, the

separation of which from the orbitals in the upper p f shell
depends on the strength of the spherical N = Z = 40 shell gap
[6,9,20]. In nuclei with similar numbers of protons and neu-
trons with isospin projection Tz = (N − Z )/2 close to zero,
these phenomena are stronger due to similarities in the proton
and neutron single-particle energies and, thus, the related shell
effects reinforce one another [6,9,27].

The binding energy of the nucleons inside an atomic nu-
cleus is directly related to its mass. It reflects the stability
and structure of the nucleus and is a sensitive indicator of
underlying shell effects and nuclear shape transitions [28].
Local trends of the binding-energy surface and its derivatives,
e.g., the trends of nucleon separation energies for nuclides
with constant isospin projection, can reveal information on
the evolution of nuclear shell closures in exotic nuclei [29].
To this end, in this work, high-precision direct mass mea-
surements of eleven neutron-deficient nuclides in the range
Z = 41–45 are reported. The measured masses are then used
to study the evolution of the one-proton separation energies
(Sp) in nuclei with isospin projection Tz = 1/2 and to gain
further insights on the island of inversion around N = Z = 40.

II. EXPERIMENTAL METHODS

A. The FRS and the FRS Ion Catcher

The mass measurements presented in this work were
conducted using the FRS Ion Catcher [30,31] at the final
focal plane of the fragment separator FRS [32] at the GSI
Helmholtz Centre for Heavy Ion Research, Darmstadt, Ger-
many, during two experimental campaigns (Experiment I and
Experiment II). Exotic nuclei were produced by projectile
fragmentation of a primary beam of 107Ag at energies of
730 and 440 MeV/nucleon with intensities of approximately
1.5 × 109 and 1.8 × 1010 ions per spill on beryllium targets
of 8045 and 1622 mg/cm2 thickness in Experiments I and II,
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respectively. The boost in the intensity of the primary beam in
Experiment II was achieved by not stripping the ions prior
to injection into the heavy ion synchrotron SIS18. This is
one of the measures that will be employed to enable high
primary beam intensities for the upcoming FAIR facility. At
the moment, this means a reduction of the primary beam
energy; however, at FAIR, a higher beam energy along with
enhanced intensity will be available due to the new SIS100
synchrotron [33]. Lower beam energies necessitate the use of
thinner targets, which partially offsets the advantage of having
a higher primary beam intensity; overall, for Experiment II, an
increase in the production yield by a factor of 2 to 5 (depend-
ing on the nuclei) could be expected compared to Experiment
I, taking into account both a thinner target and an enhanced
beam intensity. The cocktail of fragments was separated in
flight in the FRS, which was operated in monochromatic mode
with an aluminum degrader (735 mg/cm2) at the central focal
plane. In Experiment I, the high-transmission mode [34] of
the FRS was used, while in Experiment II the standard mode
was employed. The target thickness was chosen such that the
isotones have the same stopping range for a given primary
beam energy, similar to [35].

The projectile fragments were delivered to the FRS Ion
Catcher, slowed down in a homogeneous degrader and ther-
malized in the cryogenic stopping cell (CSC) [36–38]. The
CSC was filled with ultrapure helium at a pressure of 52 and
89 mbar and a temperature of 89 and 86 K, corresponding
to an areal density of 2.8 and 5.0 mg/cm2 in the Experi-
ments I and II, respectively. Finally, the ions were transferred
through the radio-frequency quadrupole (RFQ) beamline
to the multiple-reflection time-of-flight mass-spectrometer
(MR-TOF-MS) [39–41], where high-resolution mass mea-
surements were conducted. The total efficiency of the FRS
Ion Catcher was not determined in these experiments, but it
typically amounts to about 0.2% [42]. In both experiments,
the MR-TOF-MS was operated with a repetition rate of 50 Hz.
The ions in the mass range of interest performed about 265
to 275 turns in the analyzer of the MR-TOF-MS in Experi-
ment I and about 470 to 490 turns in Experiment II. All ions
measured in this work were singly positively charged. The
mass-range selector (MRS) [41] in the MR-TOF-MS was used
in both experiments to limit the mass-to-charge range of the
measured ions. For the measurement of rhodium isotopes, a
new operation mode of the MRS was implemented to select
two narrow, separate mass-to-charge windows [42]. This op-
eration mode allows to simultaneously measure calibrant ions
with significantly different mass-to-charge ratios as compared
to the ions of interest, or to measure the ion of interest with
an adduct, without unnecessary background and ambiguities
in the mass spectrum [43]. For the rhodium isotopes, the
MRS was set to transport simultaneously 85 � A � 87 and
90 � A � 91 for 91Rh, 84 � A � 87 and 92 � A � 94 for
93Rh, and 84 � A � 87 and 93 � A � 95 for 95Rh.

B. Data analysis procedure

The data analysis was performed using a well-established
method described in Ref. [44]. A time-resolved calibration
(TRC) was performed using 86Kr and 85Rb as calibrant ions

for Experiments I and II, respectively, correcting for time-of-
flight (TOF) drifts on the 10-second scale. For the multi-turn
calibration (see Sec. IV of Ref. [44]) reference ions that
cover a large number of different turn numbers were used;
for Experiment I 85Rb, 84Kr 1H, 87Rb, 86Kr 1H and 88Sr were
used; for Experiment II 86Kr and 87Rb were used to obtain
the mass of 89Ru and 88Tc, and 85Rb, 86Kr, 87Rb and 90Ru
were used to obtain the mass of 91Rh. The reference ions used
in the final step of the analysis procedure, i.e., the precision
calibration, are listed in Table I. The masses of all reference
ions were taken from the Atomic Mass Evaluation AME2020
[45]. A hyperexponentially modified Gaussian (Hyper-EMG)
[46] peak shape with two exponentials on the left and one
exponential on the right side was employed for fitting the data
obtained in both experiments, with parameters determined
from peaks with a large number of events, i.e., 84Kr 1H for
Experiment I and 87Rb for Experiment II. The uncertainties of
the measured mass values are mainly dominated by contribu-
tions related to the available statistics of the ions of interest,
conversion of the time-of-flight spectrum into mass-to-charge
ratio when calibrant and ion of interest perform different
number of turns, and possible contaminants beneath the fitted
peaks, including unresolved isomeric states, where applicable.
Other systematic uncertainty contributions, including the ones
related to the peak-shape determination and to switching the
electrostatic mirrors of the time-of-flight analyzer, were found
to be negligible in the experiments reported here. For the
nuclides, which were measured in multiple experimental runs,
the final mass values and uncertainties were determined based
on averaging with the weighted mean and grouping the mass
uncertainties deduced for the individual measurements into
dependent and independent contributions [44].

The analysis of MR-TOF spectra is complicated by the
fact that the mass lines of the ions do not necessarily need to
appear in the TOF spectrum in the sequence of their mass-to-
charge ratios. Lighter and thus faster ions can outstrip heavier
and thus slower ions, such that they undergo different numbers
of turns in the analyzer. Thus, the mass determination can
only be achieved if for all relevant mass lines the respective
numbers of turns have been determined. Misidentification of a
mass line can occur if an unexpected contaminant ion species,
which undergoes a different number of turns than an ion of
interest (IOI), appears in the TOF spectrum at approximately
the same TOF as the IOI, such that the mass line is erroneously
assigned to the IOI instead of to the contaminant ion species.

This problem can be overcome by using the MRS to re-
move all ions that would undergo a different number of turns
than the IOI. However, for high-resolution mass measure-
ments, which necessitate a large number of turns, this leads
to very small mass-to-charge windows, which may contain
only one IOI and even lack a proper calibrant ion species.
For broadband measurements, which have the important ad-
vantage that several of the IOIs produced can be measured
simultaneously, the problem is usually solved in a different
way [47]. Here, two measurements with different flight times
are made, such that the IOIs differ in the number of turns
between the two measurements. The correct assignment of the
number of turns is then ensured by requiring that, for each
identified ion species, a mass line is observed at the correct
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TABLE I. Results obtained in this work together with the values given in the AME2020 [45] (# refers to an extrapolated value) for
comparison. For every measured nuclide, the table shows the corresponding experiment, the reference ion used to perform the precision
calibration, the number of turns the ion of interest underwent in the analyzer of the MR-TOF-MS, the number of events detected, the mass
excess obtained in this work, the mass excess as published in the AME2020, and the difference between mass excess values obtained in this
work and the ones published in the AME2020. For 89Ru we provide all individual measurements as well as their average. See text for detailed
information.

Nuclide Experiment Reference Number of turns Number of events
Mass excess

FRS-IC (keV)

Mass excess
AME2020

(keV)
Mass excess FRS-

IC–AME2020 (keV)

95Rh II 87Rb 486 264 −78 311(31) −78 341(4) 31(32)
93Rh II 87Rb 472 57 −68 993(30) −69 011.8(26) 19(30)
91Rh II 87Rb 477 & 482 44 −58 466(20) −58 570(300)# 104(301)#
89Ru I 89Y 275 24 −57 991(46) −58 369(24) 378(52)

I 89Y 265 37 −57 992(42) 377(48)
II 87Rb 466 10 −58 036(40) 333(47)

Average 71 −58 008(25) 361(35)
88Tca I 84Kr1H 276 & 267 −61 670(4)

II 87Rb 468
Average 532 −61 708(28) −38(28)

89Mob I 84Kr1H 265 10 −74 968(79) −75 015(4) 47(79)
88Mo I 84Kr1H 276 & 267 50 −72 740(35) −72 687(4) −53(35)
87Mo I 84Kr1H 278 & 268 316 −66 866(19) −66 884.8(29) 19(19)
89Nba I 84Kr1H 275 & 265 18 −80 607(57) −80 626(24) 19(62)
88Nba I 84Kr1H 276 & 267 43 −76 160(80) −76 170(60) 10(100)
87Nb I 84Kr1H 278 & 268 72 −73 905(25) −73 874(7) −31(26)

aThe measurements of this nucleus have included additional uncertainty due to an unresolved isomer; see text for further details.
bOne measurement from Experiment I had an overlap with the molecule 12C6

13C1
2H1 (A = 85) performing a different turn number, therefore,

it is discarded and only one measurement is reported.

position in both analyzed TOF mass spectra. If an IOI is
identified in only one of the two spectra, its identification is
rejected.

This approach, however, cannot exclude misidentification
in all cases. (i) It might be that there are two unexpected
contaminant ion species present in the two measurements, for
which an assignment of turn numbers can be found such that
an expected IOI is erroneously identified in both spectra. This
is illustrated in Fig. 1. Panel (a) shows the mass distribution
of the ions in the MR-TOF-MS, containing the position of
the IOI where it would be observed if transmitted to the
MR-TOF-MS, and two unexpected contaminant ion species
U1 und U2. Two different TOF spectra are acquired with the
IOI undergoing N turns in the first measurement and N + n

turns in the second measurement, with typically n = 1–5%
of N. The panels (b) and (c) show the apparent mass spectra
as obtained from the respective TOF spectra for N and N + n

turns, respectively. For the ion species U1, which undergoes
an unknown number of turns, a turn number is assigned such
that it appears at the mass-to-charge ratio of the IOI in (b),
and for the ion species U2, which also undergoes an unknown
number of turns, also a turn number is assigned such that it
appears at the mass-to-charge ratio of the IOI in (c). In this
case, the standard verification method cannot detect whether
events for the IOI are present in the TOF spectra or not,
unless the abundance ratio between the ion species provides
an additional identification criterion. (ii) Furthermore, it may
be that an IOI is correctly identified in both acquired spectra,
but that its mass line overlaps too closely with an unexpected

contaminant ion species to detect this overlap, leading to a
shift in the determined mass value.

To reliably detect these cases, a new identification strategy
called MAVERIC (Multiturn Analysis for VERification of
identifIcation and exclusion of misidentifiCation) has been de-
veloped. To apply this method, two TOF spectra are acquired
and the identification for each IOI is verified by ensuring its
presence in both spectra, as in the standard approach. With
the MAVERIC method, this verification is extended. For every
mass line in the first TOF spectrum, the position in the second
mass spectrum is checked for all possible turn numbers within
the mass-to-charge range transmitted by the MRS, and vice
versa. If this check shows that there is a second possibility for
the identification of a mass line, this identification is rejected.
In the example shown in Fig. 1, the misidentification of the
IOI by the unexpected species U1 and U2 is detected and the
measurement of the IOI is rejected. In this way, MAVERIC
not only verifies that there is a mass line in both mass spectra
that can be assigned to the IOI, but also excludes cases where
the mass line assigned to the IOI can be due to an unexpected
ion species. It also detects cases where the mass line assigned
to the IOI may overlap with another ion species. Thus, it
provides a significantly more reliable identification than the
standard identification method, in particular in densely popu-
lated broadband mass spectra.

All the nuclides in this work with 87 � A � 91 were mea-
sured with two different turn numbers, and the MAVERIC
method was applied. The nuclides 89Ru and 88Tc were mea-
sured with an additional third turn number in Experiment II.
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FIG. 1. The MAVERIC method explained graphically. Panel (a):
Real mass spectrum showing the order of three ion species, the ion
of interest (IOI), for which it is not known if it is present in the
measurement or not, an unexpected ion species U1, and another
unexpected ion species U2. Panels (b) and (c): Apparent mass spectra
for N and N + n turns, respectively. Note that the MAVERIC method
is not limited to three different ion species, and that the order of ion
species can be arbitrary. See text for further details.

Note that only one measurement is reported for 89Mo because
the second measurement has a strong overlap at a distance of
about 100 keV, corresponding to about a third of the full width
at half maximum (FWHM), with a more abundant A = 85
molecule (12C6

13C1
2H1) performing a different number of

turns.

III. RESULTS

In this work, the masses of eleven nuclides were measured:
91,93,95Rh, 89Ru, 88Tc, 87,88,89Mo, and 87,88,89Nb. Typical
mass resolving powers of 300 000 and 400 000 FWHM were
achieved in Experiments I and II, respectively. In Table I, the
results are summarized and compared to the literature values
given in the AME2020 [45]. In Fig. 2, the deviation from
the literature values is graphically shown. In Fig. 3, the mass
spectra of 89Ru (Experiments I and II) and of 91Rh (Exper-
iment II) are shown. 89Ru and 88Tc were measured in both
experiments. The data taking lasted 18 hours for Experiment
I and only 1 hour for Experiment II. Despite the thinner target
used in Experiment II, the measured count rate of 89Ru was
about ten detected ions per hour, about a factor 3 higher in Ex-
periment II with respect to Experiment I, representing a major

FIG. 2. Measured mass excess deviation from measurements re-
ported in the literature [45] in keV. The values correspond to the last
column of Table I. For 89Ru, the individual measurements, two in
Experiment I (square and circle symbols) and one in Experiment II
(triangle symbol), and their average (hexagon symbol) are included.
For the rest of the measured nuclei, all measurements (individual and
averaged) agree within their uncertainties and only their average is
reported.

improvement, which was the cumulative result of the different
primary beam intensities, target thicknesses, FRS operation
modes, CSC areal densities, and transmission efficiencies.

A. First mass measurement of 91Rh

This work constitutes the first mass measurement of 91Rh.
A total of 44 events for 91Rh were recorded in two mea-
surements with two different turn numbers in Experiment II
[Fig. 3(c)]. Odd-even nuclei in this region of the nuclear chart
with a ground state with spin-parity of (9/2+), such as 91Rh,
are known to have isomeric states with spin-parity (1/2−)
[48,49]. Based on spectroscopy studies, an isomer with an
excitation energy of 172.9(4) keV and a half-life very similar
to that of the ground state has been reported for 91Rh [50–53].
This isomer, if populated with a significant fraction, would
have been resolved from the ground state in this work, since
the FWHM of the observed 91Rh peak is only approximately
200 keV. However, in both measurements, the peak shape does
not deviate from the expected single-peak form. The ground
states of odd-even nuclei with spin-parity (9/2+) are known
to be populated much more abundantly in fragmentation re-
actions (>90%) than their isomeric states with spin-parity
(1/2−) [42,49,54–56]. The generally low population of (1/2−)
isomeric states is also confirmed by the mass measurement
of 93Rh and 95Rh reported here, both of which have been
reported to have (1/2−) isomeric states with excitation ener-
gies of 267(48) keV [49] and 543.3(3) keV [52], respectively.
The measurements reported here show no evidence for the
presence of an isomeric contribution in 93Rh. For 95Rh, the
observed tail structure allows an upper limit of �7%, derived
using Poisson statistics, to be placed on the isomer-to-ground-
state ratio. Therefore, the observed single peaks of rhodium
isotopes were all assigned to their ground states. For 91Rh, a
mass excess of −58 466(20) keV was determined.
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FIG. 3. Measured mass spectra of 89Ru in Experiment I (a), in
Experiment II (b) and of 91Rh in Experiment II (c). The square
symbols are the binned data used just for representation; the fit was
obtained using unbinned data, which are shown as a rug graph at the
bottom of each panel. The solid red curve shows the fitted Hyper-
EMG probability distribution function, normalized to the number of
events in the histogram. In panels (a) and (b), the blue line represents
the literature mass value of 89Ru and the blue shadow represents the
literature mass uncertainty [45], where the width corresponds to ±

one standard deviation.

B. Mass measurement of 89Ru reveals a large deviation

from the literature value

The mass value reported in the AME2020 [45] for the
ground state of 89Ru is based solely on one direct mass mea-
surement performed with a Penning trap employing the time-
of-flight ion cyclotron resonance (TOF-ICR) technique [57].
Penning traps can reach the highest mass resolving powers of
all mass spectrometers; however, the mass window covered in
Penning trap measurements is usually very narrow. Narrow-
band measurements are prone to misidentification, if an
unexpected ion species appears in the investigated mass range
instead of the expected species; see, e.g., [58–60]. In addition,
the TOF-ICR technique has a relatively small dynamic range,
which makes it difficult to detect contamination that overlaps
with the ion of interest in the scanned resonance and may
lead to shifts in the mass measurement. In contrast, MR-TOF-
MS can cover a much wider mass-to-charge range [47]. This
allows detection and identification of nearby ion species, such
as molecular contaminants or isomeric states. It thus gives a
better understanding of the different ion species present in the
measurement and helps to avoid misidentification.

In this work, the mass of 89Ru was measured two times
in Experiment I and once in Experiment II; altogether three
different turn numbers were used (Table I), and a total of 71
events were recorded [Fig. 3(a) and 3(b)]. All three individual
measurements are found to agree. A weighted average mass
excess of −58 008(25) keV was obtained, which yields a
deviation of 361(35) keV, corresponding to more than 10 stan-
dard deviations, from the previous Penning trap measurement
[57]. To exclude misidentification due to potential molecular
contamination, the MAVERIC technique developed in this
work (see above) was applied to all three measurements. Fur-
thermore, the correct identification of 89Ru is supported by
the simultaneous stopping and extraction of the isotones 89Ru
and 88Tc in both experiments, which, according to simulations
[61], have the same stopping range in the CSC.

For 89Ru, an isomer with spin-parity (1/2−) and an excita-
tion energy of about 350 keV is predicted based on systematic
trends [48,49]; however, so far no experimental evidence
for its existence has been reported in the literature. In the
measurements in this work, a single peak, narrower than the
excitation energy of the predicted isomer, with a width of
about 275 and 200 keV FWHM for Experiments I and II,
respectively, was measured. This peak was assigned to the
ground state with spin-parity (9/2+) following the same ar-
gument above that in this region, ground states of odd-even
nuclei with spin-parity (9/2+) are populated much more abun-
dantly in fragmentation reactions than an isomeric state with
spin-parity (1/2−). This implies that the deviation observed in
this work from the literature value cannot be attributed to the
assignment of the measured state.

C. Mass measurement of 88Tc, 87,88,89Mo, 87,88,89Nb, and 93,95Rh

For all other mass measurements presented in this work,
i.e., 88Tc, 87,88,89Mo, 87,88,89Nb, and 93,95Rh, their individ-
ual as well as the given weighted averages agree well
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with the measurements previously reported in the AME2020
[45]. These measurements, excluding 91Rh and 89Ru, have a
weighted average deviation of −5(10) keV and a Birge ratio
[62] of 0.84. For the mass and uncertainty determination of
88Nb, 89Nb, and 88Tc, the procedure described in Ref. [45]
was followed due to unresolved long-lived isomers with ex-
citation energies of 130(120), 0(30) [52], and 70.4(31) keV
[57], respectively. For 88Tc, a single distribution was detected
in all three measurements with 532 detected events in total.
After the correction for the unresolved isomer following the
method in [45], a difference −38(28) keV for the mass of
88Tc to the literature value [45] was calculated. This is an
indication that mostly the ground state of 88Tc was populated
in this experiment since the method used assumes that both
unresolved species are equally populated.

IV. SYSTEMATICS OF THE MASS SURFACE

The measured masses reported in this work were used to
study the systematics of the one-proton separation energy
(Sp), calculated as shown in Eq. (1), where ME(N, Z ) is the
mass excess of certain nucleus with N neutrons and Z protons
and ME1H is the mass excess of the hydrogen (1H) atom [45]:

Sp(N, Z ) = ME(N, Z − 1) + ME1H − ME(N, Z ). (1)

This observable is studied as a function of Z in the mid-
shell region between the proton shell closures at Z = 28
and Z = 50 for different chains of nuclei with constant half-
integer of total isospin projections, Tz = 1/2, 3/2, 5/2, and
7/2. The investigation was done for constant isospin pro-
jections to allow comparing the Sp values of nuclei that
are expected to have similar nuclear structure properties in
the studied region of the nuclear chart, including the Island
of Inversion around N = Z = 40, where the magnitude and
rapidity of the shape changes are very sensitive to the sim-
ilarities of the proton and neutron single-particle energies
[6,9,27]. We focus separately on odd- and even-Z nuclei to
avoid staggering of the Sp observable; that is, for constant
Tz, each Sp point is separated from the next by an α particle
(Z = 2 and N = 2). We include the first mass measurement of
91Rh (Z = 45, N = 46) (Sec. IV A) and the new mass value
of 89Ru (Z = 44, N = 45) (Sec. IV B) measured in this work.
For the rest of the nuclei employed in the plots, we include the
AME2020 and masses published recently [27,35,63–67].

A. Trends in the one-proton separation energy

for odd-Z nuclides

The results of the systematic study of odd-Z nuclei with
half-integer isospin projection (i.e., even-N nuclides) are pre-
sented in Fig. 4. Here, a steep decrease of the Sp values
between Z = 27 and Z = 29, which is a signature for the
closed proton shell at Z = 28, is followed by a gradual de-
crease of this observable for larger Z . In the Tz = 1/2 isospin
projection chain, this smooth decrease is broken between Z =

35 and Z = 41 (with a center at around Z = 38), and the plot
shows a clear change in the trend of the observable. The same
effect, although less pronounced, is visible in the Tz = 3/2
chain, and for the remaining Tz = 5/2 and 7/2 chains, the

FIG. 4. Calculated one-proton separation energy (Sp) for half-
integer total isospin projections (from bottom to top Tz =

1/2, 3/2, 5/2, and 7/2) versus odd proton numbers (Z). The data
points showing black squares have been calculated using solely
nonextrapolated mass excess values reported by the AME2020 [45]
and are linked with solid black lines to guide the eye. The red
diamonds represent points calculated using at least one mass excess
reported in this work. The blue circles represent data points calcu-
lated with mass measurements published recently: at Z = 39 79Y and
at Z = 41 83Nb from Ref. [63], at Z = 47 95Ag from Ref. [64], and
at Z = 49 99In from Ref. [65].

effect vanishes. The rapid shape and nuclear structure changes
in the island of inversion around N = Z = 40 [4,7–9], includ-
ing the oblate-prolate shape transition at N = Z = 36 [9,10]
and the strong prolate deformations in nuclei around N = Z =

38–42 [4,8], might provide an explanation for the observed Sp

trends. Above Z = 43, the first mass measurement of 91Rh
presented in this work, together with masses published after
the AME2020 [63–65], complete a smooth trend of the Sp

values in the Tz = 1/2 isospin projection chain up to Z = 49,
which is in line with a predicted gradually decreasing defor-
mation towards the doubly magic 100Sn [11,12].

A clear increase of the Sp at Z � 45 for the Tz = 1/2 nuclei
in Fig. 4, reaching a local maximum at Z = 49, can be seen.
The increasing trend is also visible for the Tz = 3/2, although
less pronounced than for the Tz = 1/2, where its local maxi-
mum is at Z = 47. There is no increasing trend but a flattening
of the observable for the Tz = 5/2 for Z � 41 until a changing
point at Z = 45 where a clear down slope starts. The flattening
of the observable is less pronounced for the Tz = 7/2 and ends
at a changing point located at Z = 43, where again, a decreas-
ing slope (although less pronounced) can be seen. A closed
neutron shell N = 50 is common to all the nuclei where there
is a local maximum or a change from flat to a decreasing slope
(for Tz = 1/2 at Z = 49, for Tz = 3/2 at Z = 47, for Tz = 5/2
at Z = 45, and for Tz = 7/2 at Z = 43). All these fingerprints
suggest that the nature of this particular observation lies in the
strength of the proton-neutron interaction involving a N = 50
nucleus, which is then enhanced when approaching N = Z

nuclei due to a larger spatial overlap of their wave functions
[27,68].
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FIG. 5. Comparison of the Sp for Tz = 1/2 for odd-Z nuclei cal-
culated including the mass from 91Rh (Z = 45) reported in this work
and other masses reported after the AME2020 with black symbols
and solid lines (79Y and 83Nb from Ref. [63], 95Ag from Ref. [64],
and 99In from Ref. [65]) with mass models linked with dotted lines:
FRDM2012 [69] with olive green circles, BSkG4 [70] with orange
pentagons, DZ31 [71] with violet diamonds, HFB24 [72] with pink
left-triangles, and UNEDF0 [73] with dark cyan up-triangles.

The Sp values of the Tz = 1/2 chain shown in Fig. 4,
including the latest experimental data which shows a clear
change of the trend between Z = 35 and Z = 41 (cen-
tered at around Z = 38), were compared to calculated
values using the mass excesses from different mass mod-
els: the latest microscopic-macroscopic finite-range droplet
(FRDM2012 [69]), the latest version of the microscopic
Brussels-Skyrme-on-a-grid (BSkG4 [70]), the microscopic
Duflo-Zuker (DZ) [71], the microscopic Skyrme-Hartree-
Fock-Bogoliubov (HFB) [72], and the microscopic UNEDF0
[73]. The comparison is shown in Fig. 5. The general trend
is matched by most of the models, and the change of the
trend between Z = 35 and Z = 41 is excellently described
(although with less strength) by the BSkG4 mass model.

B. Trends in the one-proton separation energy

for even-Z nuclides

The results of the present work for even-Z nuclei with
constant half-integer isospin projection (i.e., odd-N nuclides)
are shown in Fig. 6.

The step down of the Sp between Z = 28 and Z = 30, the
signature of the closed proton shell at Z = 28, is followed by
a second step down between Z = 38 and Z = 40 in the Tz =

1/2 series, whereas all the other isospin projection chains
show a smooth decrease with increasing atomic number. The
observed step in the Tz = 1/2 series can be attributed to a de-
formed subshell gap at Z = 38, which occurs at large prolate
deformations [5–7,26] and is enhanced by a coherent action
of proton and neutron shell effects [6,9,20]. The trend of the
Sp values at this deformed subshell gap shows a very similar
step effect as at the well-known Z = 28 closed proton shell,
but with only about half of the magnitude due to its difference
in nature. With the previous mass value of 89Ru [57], this fin-
gerprint seen as a unique step between two well-known closed

FIG. 6. One-proton separation energy (Sp) for even-Z nuclei cal-
culated for different constant half-integer isospin projection chains,
from top to bottom Tz = 1/2, 3/2, 5/2, and 7/2. The data points
showing black squares are calculated employing solely the nonex-
trapolated mass excesses reported in the AME2020 [45] and are
connected using a black line. The red diamonds are calculated using
at least one reported mass excess from this work, as in Table I.
The blue circles are calculated employing mass excesses reported
recently: for Tz = 1/2 at Z = 40, 81Zr was taken from Ref. [27]; at
Z = 46, 93Pd was taken from Ref. [35]; at Z = 48, 96Ag was taken
from Ref. [64]; at Z = 50, 100In was taken from Ref. [65] and 101Sn
from Ref. [67]; and for Tz = 3/2 at Z = 50, the mass of 103Sn was
taken from Ref. [66].

shells, Z = 28 and Z = 50, would be questionable because of
the substantial increase of the Sp value at Z = 44. Only due
to the new mass measurement of 89Ru, presented in this work,
combined with other recent mass measurements [27,35,64–
67], the subshell closure and the further gradual decrease be-
comes clearly visible. Notably, the observed slightly different
Sp trends in Tz = 1/2 nuclei with odd and even Z (Figs. 4 and
6) could be an additional indication for rapid shape changes
between odd-Z and even-Z nuclei in the island of inversion
studied here (around N = Z = 40) [8,11,13–16].

In Fig. 7, the experimental Sp values of even-Z nuclides
with Tz = 1/2 are compared with the predictions of the
microscopic-macroscopic mass model FRDM2012 [69] and
the microscopic models BSkG4 [70], Duflo-Zuker (DZ) [71],
Skyrme-Hartree-Fock-Bogoliubov (HFB) [72], and UNEDF0
[73]. The step between Z = 38 to Z = 40 is well reproduced
only by the FRDM2012 and the BSkG4 models. For the
FRDM model, this is presumably due to the inclusion of a
new “deformed” region at N ≈ 40 and Z ≈ 40 already in the
first version (FRDM1981) [74]. For the BSkG model, the
BSkG4 version presents a clear improvement in describing the
trend compared to its first and second versions (BSkG1 [75]
and BSkG2 [76], which are not shown in Fig. 7 to enhance
readability). Moreover, the smooth trend in the experimen-
tal data for Z � 40 is well reproduced by the FRDM2012
model and partially reproduced by the BSkG4 model,
where for Z > 46 the slope of this observable seems to be
overestimated.
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FIG. 7. Comparison of the Sp for Tz = 1/2 for even-Z nuclei cal-
culated including the mass from 89Ru (Z = 44) reported in this work
and other masses reported after the AME2020 with black squares and
linked with solid lines (81Zr from Ref. [27], 93Pd from Ref. [35], 96Ag
from Ref. [64], 100In from Ref. [65], and 101Sn from Ref. [67]), with
mass models linked with dotted lines: FRDM2012 [69] with olive
green circles, BSkG4 [70] with orange pentagons, DZ31 [71] with
violet diamonds, HFB24 [72] with pink left-triangles and UNEDF0
[73] with dark cyan up-triangles.

V. CONCLUSIONS

The masses of eleven exotic nuclei close to the heavy N =

Z region have been measured with the FRS Ion Catcher at
GSI. The mass of 91Rh was measured for the first time. For the
mass of 89Ru, we have found a discrepancy by more than ten
standard deviations with the literature value, where our mass
measurement yields a value that is 361(35) keV less bound
than that of the previous measurement [45,57]. The masses
of the other nuclides presented in this work agree well with
previously published data. Misidentification of the measured
nuclei, including 89Ru, with a molecular contamination was
ruled out using the newly developed MAVERIC method.

To obtain further insights on the rapid changes of the
nuclear shapes and related shell effects in the island of inver-
sion around N = Z = 40, the measured masses were used to
study the systematics of the one-proton separation energy (Sp)
in nuclei with constant half-integer total isospin projections
(Tz) for odd- and even-Z separately. In the odd-Z , Tz = 1/2
nuclei, the mass of 91Rh measured for the first time and
reported here, together with other masses measured after the
publication of the AME2020, complete the systematics up to
the doubly magic 100Sn. A clear change in the trend of Sp

values located in the mid-shell region between Z = 35 and
Z = 41 (centered around Z = 38) can be seen. In the even-Z ,
Tz = 1/2 nuclei, the new mass of 89Ru presented in this work
together with other recent mass measurements smoothens the
trend of the Sp values for Z > 40 nuclei up to the doubly
magic 100Sn. A unique step between Z = 38 and Z = 40 ap-
pears. Both of these observed irregularities in the Sp trends in
odd- and even-Z nuclei might point to nuclear shape changes
around Z = 38, which disperse with increasing Tz values mov-
ing away from the N = Z line. For the odd-Z nuclei, the

latest version of the microscopic Brussels-Skyrme-on-a-grid
model (BSkG4 [70]) excellently reproduces the trend shown
by the experimental data, although with less magnitude. For
the even-Z nuclei, the microscopic-macroscopic finite-range
droplet model FRDM2012 [69] and the BSkG4 model [70]
reproduce the Sp trends observed with the latest experimental
data.

Further relevance of the 89Ru and 91Rh masses reported in
this work, which lies outside the scope of this paper, include
the calculation of masses using mass relations of mirror nuclei
[77]. Furthermore, an important impact of the mass of 91Rh on
the astrophysical rapid-proton capture process in the A ≈ 90
region is expected [78,79].
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