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Direct high-precision mass spectrometry of superheavy elements with SHIPTRAP
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Direct mass measurements in the region of the heaviest elements were performed with the Penning-trap
mass spectrometer SHIPTRAP at GSI Darmstadt. Utilizing the phase-imaging ion-cyclotron-resonance mass-
spectrometry technique, the atomic masses of 251No (Z = 102), 254Lr (Z = 103), and 257Rf (Z = 104) available
at rates down to one detected ion per day were determined directly for the first time. The ground-state masses of
254No and 255,256Lr were improved by more than one order of magnitude. Relative statistical uncertainties as low
as δm/m ≈ 10−9 were achieved. Mass resolving powers of 11 000 000 allowed resolving long-lived low-lying
isomeric states from their respective ground states in 251,254No and 254,255Lr. This provided an unambiguous
determination of the binding energies for odd-A and odd-odd nuclides previously determined only indirectly
from decay spectroscopy.

DOI: 10.1103/PhysRevC.106.054325

I. INTRODUCTION

The existence of superheavy elements (SHEs, proton
number Z � 104–106) is understood as a consequence of
quantum-mechanical nuclear shell effects that enhance their
binding energy and half-lives. Different theoretical stud-
ies based on, e.g., relativistic mean-field calculations [1,2]
or macroscopic-microscopic approaches [3–5] predict a so-
called island of stability, an extended region of longer-lived
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nuclei, around Z = 114, 120, or 126 and at N = 172 or 184
[6], depending on the model.

Atomic mass measurements provide nuclear binding en-
ergies and allow one to precisely determine parameters like
two-nucleon separation energies, empirical shell gap param-
eters, and the nucleon pairing strength [7]. Such parameters
reveal structural features and benchmark theoretical models
that are used to extrapolate to properties of heavier and yet
unknown nuclides. Reliable mass values of heavy nuclei are
crucial for nuclear fission probabilities limiting the stellar
nucleosynthesis in the r process [8–10]. Whether SHEs are
produced in stellar environments remains a key question in nu-
clear physics [9,11–13]. In the laboratory, SHEs are produced
in fusion-evaporation reactions. Limited available beam-target
combinations prevent reaching more neutron-rich superheavy
isotopes [14]. Thus, many superheavy nuclei, in particular
those with N = 184, remain inaccessible for experiments and
their atomic masses need to be either extrapolated based on

2469-9985/2022/106(5)/054325(9) 054325-1 Published by the American Physical Society

https://orcid.org/0000-0001-8380-9857
https://orcid.org/0000-0001-9282-8347
https://orcid.org/0000-0003-4115-6450
https://orcid.org/0000-0002-0951-0475
https://orcid.org/0000-0002-2989-7566
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevC.106.054325&domain=pdf&date_stamp=2022-11-29
https://doi.org/10.1103/PhysRevC.106.054325
https://creativecommons.org/licenses/by/4.0/


O. KALEJA et al. PHYSICAL REVIEW C 106, 054325 (2022)

the regularity of the mass surface [15] or obtained from theo-
retical models [16].

Initially, the masses of nuclides with Z > 100 were ob-
tained from measurements of their decay energies, requiring a
direct link (anchor point) to the mass surface [17,18]. Many of
these nuclides undergo α decay. For an α transition from the
ground state of a mother nucleus AX to the ground state of its
daughter nucleus A−4X ′ (mass number A and element symbols
X and X ′) the Q value is determined by the measured energy
of the emitted α particle taking into account the recoil energy
of the daughter nucleus. Such ground-state-to-ground-state
transitions are typically the strongest transitions for even-even
nuclei. For odd-odd and odd-A nuclei, however, decays be-
tween states of similar configuration are preferred. Often, an
excited state at an energy E∗ is populated in the daughter
nucleus, which deexcites into its ground state by γ emission or
internal conversion. In some cases, the excited state might also
decay by α emission. In these scenarios, the determination of
the Q value from the measured emitted energies requires a
comprehensive knowledge of the decay and level schemes of
mother and (grand)daughter nuclei including energies of ex-
cited states. Excited states may be difficult to detect by means
of decay spectroscopy if they are low-lying and long-lived,
especially if they deexcite via highly converted transitions.

Direct high-precision mass spectrometry provides accurate
masses from which Q values can be obtained accurately, inde-
pendently of the decay mode and the knowledge of the nuclear
level schemes. In the region of the SHEs such measurements
suffer from low production rates, e.g., only few ions per month
for 294Og (Z = 118 and N = 176) [19], the heaviest known
nuclide. Thus, experimental methods are required that feature
highest overall efficiencies and highest detection sensitivities.
High mass resolving powers and fast measurement times are
required to identify low-lying isomeric states frequently oc-
curring in this mass region [20].

Over a decade ago, pioneering experiments with
SHIPTRAP demonstrated that Penning-trap mass spectrome-
try (PTMS) is feasible in very heavy nuclides [21–23]. Using
the time-of-flight ion-cyclotron-resonance mass spectrometry
(ToF-ICR MS) technique, ground-state masses of nobelium
(No, Z = 102) and lawrencium (Lr, Z = 103) isotopes were
measured with uncertainties down to 10 keV/c2. The results
pinned down the strength of the deformed neutron shell
closure at N = 152 for Z = 102 [23] and provided reliable
anchor points in this mass region. Recently, a multiple-
reflection time-of-flight mass spectrometry (MR-ToF MS)
experiment at RIKEN, Japan, also reached the heaviest
elements, measuring the atomic masses of nuclides with
Z = 99–102 [24] and Z = 105 with uncertainties between 46
and 266 keV/c2, respectively [24,25]. In addition, ToF-ICR
MS has been performed at TRIGATRAP on 241,243Am, 244Pu,
and 249Cf [26] with uncertainties on the order of ≈4 keV/c2.
However, despite all efforts, anchor points in the region of the
heaviest elements remain sparse, as shown in Fig. 1.

II. EXPERIMENTAL SETUP

Here, we present the first application of the phase-imaging
ion-cyclotron resonance mass spectrometry (PI-ICR MS)

FIG. 1. Part of the nuclear chart, showing direct mass spectrom-
etry carried out with the RIKEN MR-ToF MS (purple [24,25]),
TRIGATRAP (dark gray), and SHIPTRAP [blue [21–23] and red
(this work)]. Black and light gray squares represent stable nu-
clides and nuclides listed by the Atomic Mass Evaluation of 2020
(AME2020) [15], respectively. The black-dotted lines indicate de-
formed nuclear shell closures.

technique [38] in the SHE region with SHIPTRAP. The
experimental setup has already been described in detail re-
cently [39,40]. For the present studies, nobelium, lawrencium,
and rutherfordium (Rf, Z = 104) isotopes were produced in
fusion-evaporation reactions using 48Ca and 50Ti beams from
the UNILAC accelerator [41]. Typical beam intensities on
target were ≈8 × 1012 and ≈4 × 1012 particles per second,
respectively. The projectiles irradiated ≈450 µg/cm2 (target
material) thin layers of 209Bi2 O3 and isotopically enriched
(99.9%) 206,208PbS evaporated onto thin C backings [42]. The
primary-beam energy for each beam-target combination was
chosen for maximum yield of the desired reaction product.
Experimental key parameters are summarized in Table I. The
cross section drops to 15 nb for 257Rf, corresponding to a

TABLE I. Half-lives t1/2 [27], fusion-evaporation reactions,
beam energies, and production cross sections σ of the nuclides in-
cluded in the present study. The last column reports the excitation
energy of known long-lived isomeric states, if present, directly dis-
entangled from the corresponding ground state in this study. Beam
energy is given in units of MeV/nucleon in front of the target.

Isotope t1/2 (s) Reaction Beam energy σ (nb) Eexc (keV)

251No 0.8 206Pb(48Ca, 3n) 4.80 30 [28] ≈106 [28]
254No 50 208Pb(48Ca, 2n) 4.56 2000 [29] ≈1295 [30]
254Lr 18.4 209Bi(48Ca, 3n) 4.81 25 [31] ≈108 [32]
255Lr 31.1 209Bi(48Ca, 2n) 4.56 250 [31] ≈37[33]
256Lr 27 209Bi(48Ca, 1n) 4.50 60 [34]
257Rf 4.4 208Pb(50Ti, 1n) 4.65 15 [35] ≈74 [36,37]
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production rate of about one per minute in the focal plane of
the velocity filter SHIP.

The fusion-evaporation reaction products were separated
from the primary beam by the velocity filter SHIP [34] and
penetrated through a ≈3.5 µm titanium entrance window foil
into a cryogenic gas-stopping cell (CGC), operated at 45 K,
in which they were stopped and thermalized in about 7 mbar
helium gas [40,43]. The ions of interest were extracted pre-
dominantly as doubly charged ions and guided by electric
fields into subsequent radiofrequency quadrupoles for cooling
and bunching at typical helium buffer-gas pressures of 10−3 to
10−2 mbar. This section is also used to temporarily store ions
of interest prior to their injection into a 7-T double Penning-
trap system.

The first Penning trap employed a mass-selective buffer-
gas cooling scheme [44]. In this work a modest mass resolving
power of ≈2000 with cooling times of tprep ≈ 200 ms was
sufficient. In the second Penning trap, the cyclotron frequency
was obtained as the sum frequency νc = qB/(2πm) = ν− +
ν+ = [�φ + 2π (n− + n+)]/(2πtevo) [45] of the magnetron
(ν−) and the modified cyclotron frequency (ν+) in the Penning
trap, measured by the phase difference �φ ≡ (φ− − φ+) of
both ion motions after the same phase-evolution time tevo,
where n− and n+ are integer numbers of full revolutions of
the corresponding eigenmotion [38] which are determined by
sufficiently low evolution times tevo. The phase difference �φ

was determined by applying the excitation-pulse scheme as
presented in Fig. 5 of [46] by axially ejecting the ions and
transporting them to a position-sensitive microchannel-plate
(MCP) detector.

Gaussian fits were applied to the x and y projections of the
ion distribution from which the phase (angle) was calculated.
The ion-optical transfer from the trap to the detector led to
a projection with a 15-fold magnification. The typical width
of the ion distributions (standard deviation) was ≈0.6 mm for
radii of ≈10 mm on the MCP detector. The ions of interest had
a well-defined time of flight to the detector with a full width
at half maximum (FWHM) of about 1 µs. By applying gates
for the time of flight of ±1 µs and ±2 mm (rectangular) for
the radial position around the expected values, an appropriate
background suppression to less than one background event per
day at the expected detector position was achieved.

The overall efficiencies of ion detection (ratio between the
ion rate behind SHIP and at the last MCP detector) ranged
from 5% (for 254No) to <0.5% (for 251No and 257Rf). The
efficiency drop can be attributed to an increasing contami-
nation level in the bunching section over the duration of the
beam time, leading to increased ion-neutralization processes.
This also restricted phase-evolution times to ≈40 ms for the
measurement of 257Rf. In addition, the entrance window’s
thickness increased over time due to the cryogenic operation
(freezing of residual gas from the room-temperature vac-
uum of SHIP), which decreased the rate of ions entering the
CGC [43].

Compared to the previously applied ToF-ICR MS method,
the additional phase information of PI-ICR MS improves the
mass resolving power and precision up to 40 times [46,47]. In
addition, rather than detecting ions at different conversion fre-
quencies to obtain a resonance around the expected cyclotron

FIG. 2. Phase images of 254No2+ ions after a phase-evolution
time of ≈1188 ms (dashed red rectangles) for the magnetron motion
(a) and the modified cyclotron motion (b). The images are super-
imposed with phase images of center measurements of 133Cs+ ions.
The individual frequency ratios for the nobelium and lawrencium
isotopes of interest are symmetrically scattered around their mean
value (c). The error bars correspond to the combined statistical and
systematic uncertainty. For further details see text.

frequency νc, PI-ICR MS requires the detection of only single
ions per radial phase to determine the cyclotron frequency,
as the trap center can be determined using reference ions.
Thus, the number of required ions for a mass measurement is
25 times smaller than with ToF-ICR MS [38].

III. ANALYSIS PROCEDURE

Figures 2(a) and 2(b) show a typical measurement
for 254No2+ at tevo ≈ 1188 ms. About 140 254No2+ ions
were detected within 25 minutes yielding a relative uncer-
tainty δνc/νc = 3.5 × 10−9 and a mass resolving power of
≈11 000 000. The horizontal dashed lines define the zero de-
gree angle, which can be chosen arbitrarily as only the relative
phase difference of both radial phases in addition to the num-
ber of full magnetron and modified cyclotron revolutions is
of relevance [38,46]. The overall measurement-cycle time is
given by tcycle ≈ tprep + tevo. For short-lived nuclides below
one second half-life, the phase-evolution time was reduced at
the expense of mass resolving power and precision. Typical
tcycle varied from 0.3 to 1.5 s, whereas tevo ≈ 500 ms (in
the case of 251No2+), ≈40 to 1200 ms (254No2+), ≈30 to
600 ms (254Lr2+), ≈90 to 1500 ms (255Lr2+), and ≈70
to 1200 ms (256Lr2+). Figure 2(c) presents the difference
between the obtained individual frequency ratios for the no-
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TABLE II. Total number of detected ions, number of individual frequency measurements, uncertainty-weighted mean frequency ratios
Rmean including systematic uncertainties, relative uncertainties, and mass excesses ME. MElit are the AME2020 values [15] and for MEnew the
present results have been included in the atomic mass evaluation. All ME values are given in keV/c2.

Isotope # ions # meas Rmean Rel. unc. RToF-ICR Rel. unc. ME MElit MEnew

251No 39 9 0.944 614 687(9) 9.5 × 10−9 82 851.3(23) 82 849(181) 82 851.1(21)

254No 2448 24 0.955 908 554(6) 6.3 × 10−9 0.955 908 520(60) [22]
0.955 908 550(40) [23]

6.3 × 10−8

4.2 × 10−8 84 733.5(15) 84 723.3(97) 84 733.3(15)

254Lr 156 14 0.955 928 750(27) 2.8 × 10−8 89 734.0(67) 89 645.9(913) 89 733.9(64)
255Lr 278 6 0.959 691 642(7) 7.3 × 10−9 0.959 691 740(60) [23] 6.3 × 10−8 89 933.0(17) 89 947.3(177) 89 932.6(17)
256Lr 124 11 0.963 461 017(23) 2.4 × 10−8 0.963 461 0(3) [23] 3.1 × 10−7 91 737.2(57) 91 746.6(829) 91 737.2(57)
257Rf 5 2 0.967 240 149(670) 6.9 × 10−7 - 95 960(170) 95 866.4(108) 95 866.4(108)

belium and lawrencium isotopes of interest and their resulting
mean value.

To accurately determine the magnetic field, the cyclotron
frequency of 133Cs+ (reference ion) with well-known atomic
mass [15] was measured. Thus, the cyclotron frequency ra-
tio R(AX ) = νc(133Cs+)/νc(AX 2+) between 133Cs+ and the
doubly-charged ions of interest AX 2+ (with mass number A
and element symbol X ) are the primary experimental results.
The bore temperature of the superconducting magnet and
the pressure inside the liquid helium vessel were actively
stabilized to the levels of 40 mK and 1 mbar, respectively.
To account for magnetic field fluctuations, the cyclotron
frequency of 133Cs+ was measured before and after every
measurement of the ion of interest and linearly interpolated
to the time at which the ion of interest was measured. For
nonlinear magnetic field fluctuations, a systematic uncertainty
of 1.3 × 10−9/h × �t was taken into the error budget, where
�t equals the time difference between two reference ion
measurements. This uncertainty was evaluated as described in
[48], taking into account all reference measurements. In ad-
dition, linear interpolation as well as the polynomial method
[49–52] have been applied. The results of both agree with
similar uncertainties.

In addition, for every frequency measurement two center
measurements (with 133Cs+) before and after the measure-
ment were linearly interpolated to account for possible
electric-field fluctuations. The standard deviation of all cen-
ter measurements of 0.3 mm was taken as the uncertainty
for the interpolated center positions, which increased the un-
certainties of the frequency measurements by ≈4 mHz. For
ion-of-interest measurements in which only one ion has been
detected in either of the phases, the standard deviation of
typical spot sizes of 0.6 mm was taken as the uncertainty for
the position. Due to low ion rates, ion-ion interactions are neg-
ligible in all cases, including 133Cs+. Reference measurements
typically took 5 min. Measurements of the ion of interest took
between 5 min and 12 h depending on the ion detection rate.

The final result is an uncertainty-weighted mean of the in-
dividual frequency ratios that are subject to a mass-dependent
systematic shift. This shift scales to first order linearly with the
mass-to-charge difference between reference ion and ion of
interest. A value of 3(6) × 10−10/(u/e) has been obtained for
mass-to-charge ratio differences of up to 20 u/e by carrying
out additional offline measurements using 116,118−120,124Sn+

and 211Pb2+ ions. As the maximum of the mass-to-charge

difference in the online measurements was 7.5 u/e, this sys-
tematic shift can be neglected in all cases. With the atomic
mass of the reference ion m(133Cs+) and the electron mass me

[53], the atomic mass of the ion of interest is

m(AX ) = 2R(AX ) × [m(133Cs+) − me] + 2me. (1)

The electron binding energies on the order of few electron-
volts are negligible with respect to the statistical precision.
Our results are given as mass excesses ME(AX ) = [m(AX ) −
A × u]c2 and summarized in Table II (u = 931 494.095(6)
keV/c2 [15] being the atomic mass unit). For 251,254No and
254,255Lr the long-lived isomeric states (cf. Table I) were sep-
arated from their respective ground states.

IV. EXPERIMENTAL RESULTS

251No

After the discovery of 251No in 1967 [54], the uncertainty
of its Qα value was successively reduced to 4 keV in the
following decades by decay spectroscopy investigations [28].
However, the atomic mass uncertainty of 251No was about two
orders of magnitude higher [15], limited by the uncertainty
of the atomic mass of 247Fm. Our result of ME(251No) =
82 851.3(23) keV/c2 is consistent with the previously ob-
tained atomic mass value of 82 849(181) keV/c2, reducing
its uncertainty by about a factor of 82.

254No

The measurement of 254No is another example show-
ing the accuracy improvement of PI-ICR MS compared
to ToF-ICR MS and MR-ToF MS. The frequency ratio
R(254No) = 0.955 908 554(6) with δm/m ≈ 6 × 10−9 is in
good agreement with the previous SHIPTRAP values of
0.955 908 520(60) [22] and 0.955 908 550(40) [23] using the
same reference ion, reducing the uncertainty by a factor of 7.
The corresponding mass excess is also in good agreement with
results from decay-spectroscopy experiments [30,54–58], us-
ing the atomic mass from the latest atomic mass evaluation
(AME) [15] of 250Fm. In addition, the measurement time in
this study was reduced to a fifth compared to the ToF-ICR
MS campaign [21–23].
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FIG. 3. Tentative decay and level schemes of the decay chain
258Db − 254Lr − 250Md as proposed by [32] in which the literature
Q values are compared with this work. The energies of excited states
(dashed black lines) are given in keV and observed α and γ decays
are represented as arrows. The thick blue dashed lines represent
long-lived isomeric states and gray arrows indicate weak transitions.
The half-lives for isomeric states are also given.

254Lr

The atomic mass of 254Lr has been measured directly
for the first time, improving the precision by ≈50 with
ME(254Lr) = 89 734.0(67) keV/c2, and agrees well with
literature [15]. Even though several decay-spectroscopy ex-
periments have been performed over the past decades, the
decay path of 254Lr remained unclear, and only a tentative
decay and level scheme has been presented recently [32]. As
shown in Fig. 3, the odd-odd nuclei 258Db, 254Lr, and 250Md
are connected via α decays which nearly exclusively populate
excited states in their daughters. Our atomic mass of 254Lr,
in combination with the atomic mass values of 250Md and
258Db from the AME2020 [15], agrees well with the tentative
scheme presented in Fig. 3. Prior to our measurements, the
atomic masses of these nuclei were extrapolated [15] with
an uncertainty of 150 keV/c2, which prevented distinguishing
between different excited states.

255Lr

The atomic mass of 255Lr has been determined in previous
SHIPTRAP experiments using ToF-ICR MS. Our frequency
ratio with a relative uncertainty of 7.3 × 10−9 is ten times
more precise and deviates from the previous result by 1.6σ .

This discrepancy can be explained by an admixture of
the low-lying isomeric state at an excitation energy of about
37 keV (cf. Table I) in the ToF-ICR measurement. The ground
state has a half-life of 31 s while the isomeric state has a
half-life of 2.5 s [33]. The latter is comparable to typical
measurement times in both the previously used ToF-ICR and
the current PI-ICR measurements. In the previous ToF-ICR
measurements, several resonances were taken using excitation
times up to 4 s corresponding to mass resolving powers of
about 106 [23], insufficient for separating the isomeric from
the ground state. Assuming that the isomeric state is produced

in 1/3 of the cases, a contribution of less than 5% to the
resonance of the ground state at an excitation time of 4 s was
estimated. Therefore, a contribution of the isomeric state to
the atomic mass of 255Lr published in [23] was neglected. In
this work, by applying PI-ICR at mass resolving powers of
up to 1.1 × 107, the isomeric state has been resolved, and it
is shown that the production of the isomeric state has been
underestimated in the previous ToF-ICR measurements. For
similar production parameters, we find, based on our PI-ICR
data, that at a measurement time of 4 s the isomeric state
will contribute with an intensity of about 30% to a ToF-ICR
resonance. This demonstrates that a sufficient mass resolving
power is crucial to accurately determine atomic masses for
nuclides with long-lived isomeric states.

256Lr

In previous SHIPTRAP ToF-ICR MS measurements 256Lr
had been the most challenging nuclide due to the low de-
tected ion rate below 0.5 ions/h [23]. A relative precision
of 3.1 × 10−7 had been achieved, reducing the uncertainty
of the 256Lr atomic mass from 220 [59] to 80 keV/c2 [23].
Our present result with a relative uncertainty of 2.4 × 10−8

decreases this uncertainty by a factor of 13. Due to the im-
plementation of the CGC, the detected ion rate for similar
conditions was improved to ≈2 ions/h.

257Rf

Five 257Rf2+ events have been recorded at a rate of about
one per day, allowing to determine the ground state mass of
257Rf with an uncertainty of 170 keV/c2. As its isomer at
an excitation energy of ≈74 keV was not resolved and is
known to be populated in the reaction by a large quantity of
about 2/3 [36,37], it contributes to the atomic mass, which is
reflected in the given uncertainty. Our result agrees with the
mass published in AME2020 [15], extracted from the α decay
of 257Rf into 253No.

The results from this work (cf. Table II) were incorpo-
rated into the AME2020 [15] to perform a new Atomic Mass
Evaluation. The AME provides a comprehensive network of
the mass surface. It is based on a least-square adjustment
of all accepted experimental input data, e.g., from Q-value
determinations, from decay spectroscopy, and mass values
from direct mass spectrometry. Our results agree with the
values listed in the AME. Including them improves the mass
values of 15 additional nuclides indirectly. Five of them were
previously based on the extrapolation of systematic trends (cf.
Fig. 4). The heaviest affected isotope is 272Rg with Z = 111,
which is currently impossible to access in a direct mass mea-
surement due to its milliseconds half-life and picobarn cross
section [60].

The first direct mass measurements of the odd-A isotope
251No and the odd-odd isotope 254Lr serve as new anchor
points in the region of the heaviest elements. This leads to
improved mass values of the very short-lived isotopes 263Hs
and 266Mt (both ≈ t1/2 = 0.8 ms [61]), which have not been
measured directly and will remain difficult to access by di-
rect mass measurements due to their short lifetimes. Figure 4
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FIG. 4. AME evaluation including our new results. Gray squares
indicate nuclides listed in the AME2020 [15]. Red squares represent
the directly measured atomic masses of this work using PI-ICR.
Orange squares represent nuclides for which the mass precision was
improved indirectly by at least 10%. Black dots indicate nuclides
for which the mass was determined experimentally for the first time.
Dashed lines indicate nuclear shell closures. For further information
see text.

presents an overview of the results of the AME evaluation for
the heaviest elements.

The new mass values (cf. Fig. 4) enable an assess-
ment of the evolution of the neutron shell gaps at N =
152, 162 [21,62] for different elements to determine the lo-
cality of these deformed shell closures. For this purpose,
the two-neutron shell gap parameter δ2n(Z, N ) = S2n(Z, N ) −
S2n(Z, N + 2) [23], where S2n(Z, N ) is the two-neutron sep-
aration energy, is evaluated for the shell closures N = 152
and N = 162 for Z = 97–105 and Z = 106, 108, 110, respec-
tively (cf. Fig. 5). The size of the shell gap at N = 152 rises
from about 1 MeV at Z = 97 to about 1.4 MeV at Z = 101
and drops slightly for Z = 102. The values for Z = 103–105
remain on a similar level, but their large uncertainties make
it difficult to draw further conclusions on how far the shell
gap extends. This shell closure is weak compared to spherical
neutron shell closures, for example at N = 126 [15].

Albeit not directly measured, the updated mass values for
linked nuclides confirm the existence of the neutron shell
closure at N = 162 for nuclei as heavy as Z = 110. The
two-neutron shell gap is of similar strength as for N = 152.
Additional data for heavier nuclides are required to quan-
tify the evolution of this shell gap with increasing proton
number.

V. SUMMARY

For the first time, PI-ICR MS has been applied in the region
of the heaviest nuclides. An unprecedented mass resolving
power and high precision reduced the uncertainty compared
to previous Penning-trap experiments by about one order of
magnitude. This allowed the unambiguous determination of
atomic ground-state masses with high accuracy excluding

FIG. 5. Two-neutron shell gap parameter at N = 152 for
Z = 97–105 (top figure) and two-neutron shell gap parameters for
Z = 106, 108, 110 as a function of the neutron number (bottom
figure) after the incorporation of our results into the AME. Data
points are divided into filled (33% contribution from our work) and
empty (no contribution). For further details see text.

contributions from long-lived low-lying isomeric states. The
increased sensitivity allowed measuring the atomic mass of
257Rf with only five ions in total at a detected ion rate of
one ion per day. Four new anchor points, 251No, 254,256Lr,
and 257Rf, were added to the atomic mass surface of this
region. Based on these anchor points, 15 additional atomic
masses were improved out of which 5 were determined exper-
imentally for the first time. Our results confirm the shell gap
strength at N = 162 to be comparable to that at N = 152.
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