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A precision mass investigation of the neutron-rich titanium isotopes 51−55Ti was performed at TRIUMF’s
Ion Trap for Atomic and Nuclear science (TITAN). The range of the measurements covers theN ¼ 32 shell
closure, and the overall uncertainties of the 52−55Ti mass values were significantly reduced. Our results
conclusively establish the existence of the weak shell effect at N ¼ 32, narrowing down the abrupt onset of
this shell closure. Our data were compared with state-of-the-art ab initio shell model calculations which,
despite very successfully describing where the N ¼ 32 shell gap is strong, overpredict its strength and
extent in titanium and heavier isotones. These measurements also represent the first scientific results of
TITAN using the newly commissioned multiple-reflection time-of-flight mass spectrometer, substantiated
by independent measurements from TITAN’s Penning trap mass spectrometer.
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Atomic nuclei are highly complex quantum objects made
of protons and neutrons. Despite the arduous efforts needed
to disentangle specific effects from their many-body nature,
the fine understanding of their structures provides key
information to our knowledge of fundamental nuclear
forces. One notable quantum behavior of bound nuclear
matter is the formation of shell-like structures for each
fermion group [1], as electrons do in atoms. Unlike for
atomic shells, however, nuclear shells are known to vanish
or move altogether as the number of protons or neutrons in
the system changes [2].

Particular attention has been given to the emergence of
strong shell effects among nuclides with 32 neutrons,
pictured in a shell model framework as a full valence
ν2p3=2 orbital. Across most of the known nuclear chart, this
orbital is energetically close to ν1f5=2, which prevents the
appearance of shell signatures in energy observables.
However, the excitation energies of the lowest 2þ states
show a relative, but systematic, local increase below proton
number Z ¼ 24 [3]. This effect, characteristic of shell
closures, has been attributed in shell model calculations to
the weakening of attractive proton-neutron interactions
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between the ν1f5=2 and π1f7=2 orbitals as the latter
empties, making the neutrons in the former orbital less
bound [4,5]. Ab initio calculations are also extending their
reach over this sector of the nuclear chart, yet no systematic
investigation of the N ¼ 32 isotones has been produced
so far.
Sudden and locally steep drops in the two-neutron

separation energies (S2n) are also typical indicators of
strong shell effects and are accessible through precision
mass spectrometry techniques [6]. Mass studies performed
at several facilities reveal strong shell effects at N ¼ 32 in
the 19K [7], 20Ca [8,9], and 21Sc [3] isotopic chains.
In contrast, the S2n surface is smooth in this region for

23V and beyond, indicating that the shell has quenched. In
fact, spectroscopic data and shell model calculations
suggest that the ν1f5=2 and ν2p1=2 orbitals change their
energy order between 23V and 21Sc [10].
The picture at the intermediate 22Ti chain is unclear;

presently available data point towards a modest shell effect,
but error bars of hundreds of keV, mostly coming from
low-resolution or indirect techniques, are not sufficiently
small to reveal detailed information, and the data are
compatible with the absence of any shell effect within
2σ. Large deviations have also been observed in the vicinity
of Ti after mass measurements were performed using high-
resolution techniques [3,8,11,12], and they enormously
impact the current understanding of the local shell evolu-
tion. Therefore, precise experimental determination of the
mass surface around titanium is necessary to finely under-
stand this transitional behavior.
We present a precision mass survey of neutron-rich

titanium isotopes from mass numbers A ¼ 51 to 55 per-
formed at TRIUMF’s Ion Trap for Atomic and Nuclear
science (TITAN) [13]. The measurements probe theN ¼ 32
shell closure, and they are the first systematic investigation of
its kind on titanium beyond the N ¼ 28 shell closure. These
are also the first scientific results from TITAN using the
newly commissionedmultiple-reflection time-of-flight mass
spectrometer (MR-TOF-MS) [14]. The mass determination
was also done independently using TITAN’s precision mass
measurement Penning trap (MPET) [15].
The neutron-rich titanium isotopeswere produced through

spallation reactions at TRIUMF’s Isotope Separator and
Accelerator (ISAC) [16] facility by impinging a 480 MeV
proton beamof 40 μAonto a low-power tantalum target. The
Ti isotopes were selectively ionized using TRIUMF’s Laser
Ionization Source (TRILIS) [17,18]. The beamwas extracted
from the target, mass separated at ISAC’s high resolution
mass separator [19] and delivered to the TITAN facility.
Besides Ti, the delivered beam typically contained surface-
ionized V, Cr, Mn, and other lesser produced isobars.
At TITAN, the delivered beam was accumulated in a

radio-frequency quadrupole cooler and buncher (RFQ)
[20], which is a preparation trap filled with He gas for
cooling. The RFQ can deliver a cold bunched beam to the

other research stations at TITAN: the MR-TOF-MS, MPET,
or an electron beam ion trap charge breeder (EBIT) [21].
This latter unit was bypassed in this experiment. The RFQ
can also receive stable beams from TITAN’s surface
ionization alkali source. An overview of the facility is
shown in Fig. 1.
For each mass number, the beam delivered by ISAC was

cooled in the RFQ and sent in bunches to the MR-TOF-MS
for preliminary characterization and mass measurement.
Subsequently, in order to validate the mass values of the
MR-TOF-MS calibrants, the beam was sent from the RFQ
to the MPET, which is a well established mass spectrometer
capable of measuring to higher precision. Mass measure-
ments of both the titanium ion and the chosen MR-TOF-
MS calibrant were performed with MPET whenever yields
allowed. In this experiment, MPET and MR-TOF-MS
operated independently, and the details of their measure-
ment techniques are described as follows.
TheMR-TOF-MS is a time-of-flightmass spectrometer, in

which ions travel a long flight path in a compact setup. Such
systems are in operation at ISOLTRAP [22], RIKEN [23],
and FRS at GSI [24], and they are typically able to achieve
10−7 level of accuracy [12]. TheTITANdevice is based on an
established concept from the group at the University of
Gießen [25,26] and is mainly composed of a series of RFQs
and radio-frequency traps for ion preparation and transport, a
time-of-flight mass analyzer, and a microchannel plates
(MCP) detector for time-of-flight measurement.
A beam delivered from the TITAN RFQ was captured in

the input RFQ of the MR-TOF-MS and transported to the
injection trap system, where it went through another stage
of buffer gas cooling. The ions were then injected into the
mass analyzer, where ion bunches are reflected multiple
times between a pair of electrostatic mirrors [27] to provide
time-of-flight separation. Inside the mass analyzer, a mass-
range-selector [24] was used to deflect any particle outside
the desired mass window.
All MR-TOF-MS mass measurements were done with

512 isochronous turns plus one time-focusing shift turn
inside the analyzer for the ions of interest. The time-
focusing shift turn [28] was done to adjust the time-focus of

FIG. 1. Overview of the TITAN facility highlighting the main
components relevant for this experiment. Beam transport of
continuous beam is depicted by solid lines and transport of
bunched beam is depicted by dashed lines. Transport options not
used in this experiment are depicted in light gray.
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the ion bunches to the MCP. The total length of the duty
cycle was 20 ms. A peak width of about 17 ns was achieved
after a times-of-flight of about 7.4 ms, corresponding to a
mass resolving power of ≈220 000.
At every mass unit, two measurements were taken: one

with the TRILIS lasers switched on and one with the lasers
off. This allowed a clear identification of the corresponding
Ti peaks in the spectra, as can be seen in Fig. 2. The time-of-
flight spectra were corrected for temperature drifts and
instabilities in the power supplies by using a time-dependent
calibration. The peaks were fitted and atomic masses Ma,
were calculated usingMa ¼ ½Cðtion − t0Þ2 þme�q, withme
the rest mass of the electron, q the charge state of the ion, and
tion the fitted time-of-flight centroid of the ion of interest.C is
a calibration factor obtained by the mass and time-of-flight
of the reference ion, while t0 is a small time offset, constant
for all measurements and determined from a single turn
spectrum using 39Kþ and 41Kþ, prior to the experiment. The
uncertainty of the MR-TOF-MS measurements was deter-
mined from the statistical uncertainties, the peak forms, and
from systematic uncertainties. Systematic contributionswere
evaluated using both off-line [29] and on-line data to
3 × 10−7, which is dominated by the effects from voltage
ringing, the uncertainty introduced by the time-dependent
calibration, and the presence of overlapping peaks when
applicable.Amore detailed characterizationof theMR-TOF-
MS systematic errors will be published in a forthcoming
paper.
Unambiguous identification of titanium was possible in

all beams delivered between A ¼ 51 and 55 and their
masses were successfully measured with the MR-TOF-MS.
Chromium ions were largely present and were chosen as
calibrants for all masses except for A ¼ 51, in which
vanadium was chosen as a more suitable calibrant.
The MPET is a precision Penning trap mass spectrometer

dedicated to measuring masses of short-lived unstable

isotopes and capable of reaching a 10−9 level of accuracy
[15]. When the MPET was used, a beam was transported
from the RFQ to the MPET and injected into the center of
the trap, one ion per bunch on average. Ions were prepared
for measurement by exciting them onto magnetron motion
through the application of a dipolar radio-frequency field
[30]. The major contaminant ions, previously identified
through the MR-TOF-MS spectra, were removed through
dipolar excitation of the reduced cyclotron motion [30].
The total in-trap ion preparation time was between 60
and 70 ms.
The mass measurement is done through the measurement

of the ion’s cyclotron frequency inside the magnetic field,
given by νc ¼ qeB=ð2πMÞ, in which qe is the charge of the
ion, B is the strength of the homogeneous magnetic field
and M is the mass of the ion. The procedure employs the
well established time-of-flight ion cyclotron resonance
technique (TOF-ICR) [31] to measure νc. Both standard
and Ramsey [32] excitation schemes were employed in this
experiment, total TOF-ICR excitation times ranged from
100 to 250 ms.
Every νc measurement of the ions of interest was

interleaved by a νc;ref measurement of a reference 39Kþ

ion, to calibrate the magnetic field and to account for other
possible time-dependent variations during the measure-
ment. The atomic mass Ma of the species of interest is
calculated from the atomic mass of the reference ion
Ma;ref and the ratio between their cyclotron frequen-
cies: R ¼ νc;ref=νc ¼ ðMa − qmeÞ=ðMa;ref − qmeÞ.
We performed mass measurements of 51−53Tiþ and the

MR-TOF-MS calibrants 51Vþ and 52−54Crþ using the
MPET. Yields were not high enough to perform measure-
ments of 54;55Ti. To characterize any systematic mass-
dependent effects, we performed a mass measurement of
85Rbþ, obtained from TITAN’s stable ion source. Those
were evaluated to be smaller than 1.5 × 10−8 among the
masses of interest, which was included in the error budget.
Other known systematic effects [15,33] were evaluated and
found to be negligible.
All ion species reported were in a singly charged state;

therefore, atomic mass calculations account for one elec-
tron removed. Results of all mass measurements performed
with the MPET and MR-TOF-MS are presented in Table I,
which agree with the Atomic Mass Evaluation of 2016
(AME16) [12] recommended values within 1.5σ and
provide significant reduction of uncertainties. Ti mass
excesses are compared against the AME16 values in
Fig. 3 and exhibit a systematic trend towards lower masses
for more neutron-rich isotopes. The independent measure-
ments of both spectrometers agree well and were added in
quadrature.
Thesemeasurements bring the fine structure of the nuclear

mass landscape of the Ti chain to the scale of a few tens of
keV. In Fig. 4(a), titanium binding energies are compared:
BEðN; ZÞ ¼ MaðZ; NÞ − ðNMn þ ZMp þ ZmeÞ, where
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FIG. 2. This typical MR-TOF-MS spectrum shows how the
identification of titanium peaks was confirmed by turning off the
TRILIS lasers. Then, only surface ionized species were delivered
to TITAN, causing a sizeable reduction only in Ti yields. In this
spectrum, the mass of 54Ti was determined using the more intense
54Cr as calibrant. Red curves are fits to the data peaks.
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Mn;p are the neutron and proton rest masses, respectively.
Two “derivatives” of the mass landscape are presented in the
next two panels: Fig. 4(b) presents the two-neutron separa-
tion energies S2nðN;ZÞ¼MaðZ;N−2Þ þ2Mn−MaðN;ZÞ;
and panel (c) of same figure shows the empirical neutron-
shell gapsΔ2nðN;ZÞ ¼ S2nðN;ZÞ −S2nðNþ 2;ZÞ, through
which shell structures seen in S2n are brought into relief.
The well-known N ¼ 28 shell closure is easily recog-

nized through the sharp features at S2n andΔ2n around 50Ti.
Similar but less pronounced characteristics can be seen
around 54Ti, corresponding to the N ¼ 32 shell. With
TITAN data, a no-shell effect hypothesis that assumes a
smooth and linear behavior of S2n around N ¼ 32, once
plausible within 2σ, is completely ruled out by over 50σ
[see Fig. 4(b) and its inset]. The measurements presented
here conclusively establish the existence of signatures of
shell effects at N ¼ 32 in the Ti chain.
The empirical neutron-shell gap at 54Ti has changed from

2.45(17) to 2.70(12) MeV, with the mass of 56Ti now the

largest source of uncertainty. In general circumstances, this
value alone is no strong indication of a shell closure since
the Δ2n no-shell baseline is approximately 2 MeV in this
region. The existence of a special pattern at titanium comes
from looking at the Δ2n systematics with the nearby
elements, seen in Fig. 5. It is evident that titanium is at
a transition point between V, which shows no signature of
an N ¼ 32 shell closure, and the strong closure seen for Sc
and Ca.
With a now clearer picture of the N ¼ 32 shell evolution,

we investigate how well our knowledge of nuclear forces
describes the local behaviors. We compared our data to
state-of-the-art ab initio nuclear structure calculations,
shown in Fig. 4, based on several nuclear interactions
from the recent literature. In particular, we applied the
multireference in-medium similarity renormalization group
(MR-IMSRG) [34–36], the valence-space (VS-) IMSRG
[37–40], and the self-consistent Gorkov-Green’s function
(GGF) [41–44] approaches.
All calculations were performed with two- (NN) and

three-nucleon (3N) interactions [45] based on the chiral
effective field theory [46,47] with parameters adjusted
typically to the lightest systems (A ¼ 2, 3, 4) as the only
input. In particular, we compare results obtained with the
1.8=2.0ðEMÞ, the N2LOsat and the NN þ 3NðlnlÞ inter-
actions. The 1.8=2.0ðEMÞ interaction [48–50] combines an
SRG-evolved [51] next-to-next-to-next-to-leading order
chiral NN potential [52] with a next-to-next-to-leading
order (N2LO) nonrenormalized chiral 3N force. The
N2LOsat interaction [53] has NN and 3N terms fitted
simultaneously to properties of A ¼ 2, 3, 4 nuclei as well as
to selected systems up to 24O. The NN þ 3NðlnlÞ, applied
for the first time in this Letter, is a variant of the
NN þ 3Nð400Þ interaction [54]. It uses both local and
nonlocal 3N regulators (lnl) and refits 3N parameters to
A ¼ 2, 3, 4 nuclei under a constraint that the contact
interactions remain repulsive. The many-body calculations
were performed in a harmonic oscillator basis of 14 major
shells, with 3N interactions restricted to basis states with
e1 þ e2 þ e3 ≤ e3max ¼ 16, where e ¼ 2nþ l.
As seen in Fig. 4, all approaches were able to predict

signatures of shell closures at N¼28 andN ¼ 32, although
the strength of the neutron shell gap is systematically
overpredicted in almost all cases. The calculations with the
1.8=2.0ðEMÞ interaction provide the best description of the
Ti data, with masses overbound by only ≈3.0 MeV, and the
neutron shell gaps are closest to the experimentally
observed values. The results with the NN þ 3NðlnlÞ
interaction are also in good agreement with data, though
the second order truncation currently employed in GGF
calculations results in less total binding energy (typically
10–15 MeV for midmass nuclei) compared to more
advanced truncation schemes [55]. The N2LOsat interaction
used in the GGF and MR-IMSRG calculations performs
well for radii and charge distributions, but here, it is found
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FIG. 3. The agreement between MPET and MR-TOF-MS mass
measurements can be seen through their mass excesses, plotted
here against the AME16 recommended values for comparison.
Grey bands represent AME16 uncertainties.

TABLE I. Reported mass measurements performed during
this TITAN experimental campaign with the two independent
spectrometers: MR-TOF-MS and MPET, and the final TITAN
combined values. All MPET mass values are referenced to the
mass of 39K, while references to MR-TOF-MS masses are
indicated in the table. Atomic masses are presented as mass
excess (ME) in keV=c2.

Species MEMR-TOF-MS MEMPET METITAN

51V (calibrant) −52 203.5 (1.8) −52 203.5 (1.8)
51Ti −49 722 (15) −49 731.5 (2.1) −49 731.3 (2.1)
52Cr (calibrant) −55 421.3 (2.0) −55 421.3 (2.0)
52Ti −49 466 (16) −49 479.1 (3.0) −49 478.7 (3.0)
53Cr (calibrant) −55 288.4 (1.9) −55 288.4 (1.9)
53Ti −46 877 (18) −46 881.4 (2.9) −46 881.3 (2.9)
54Cr (calibrant) −56 929.3 (4.6) −56 929.3 (4.6)
54Ti −45 744 (16) � � � −45 744 (16)
55Cr (calibrant) � � � � � �
55Ti −41 832 (29) � � � −41 832 (29)
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to overpredict the N ¼ 28 gap compared to 1.8=2.0ðEMÞ
and NN þ 3NðlnlÞ.
Finally, since the VS-IMSRG can access all nuclei in this

region, we have employed the 1.8=2.0ðEMÞ interaction to
study shell evolution across the known extremes of the
N ¼ 32 shell closure, at Ca (where it is strongest) and V
(where it is quenched) isotopic chains, as shown in Fig. 5.
VS-IMSRG calculations for Sc have also been done and
will be published in a dedicated manuscript. First, we see
that the calculations provide an excellent description of
neutron shell evolution at N ¼ 28; and, while there is a
general overprediction of the neutron shell gap at N ¼ 32,
the trends from N ¼ 28 to N ¼ 32 are mostly reproduced.

In contrast, calculated shell gaps in titanium steeply rise
from N ¼ 30 to N ¼ 32 compared to experiment, and even
predict modest shell effects in the vanadium chain. This
indicates that the N ¼ 32 closure is predicted to arise too
early towards Ca. While the origin of this discrepancy is not
completely clear, we note that signatures of shell closures
are often modestly overestimated by VS-IMSRG [50].
From direct comparisons with coupled cluster theory
[56], it is expected that some controlled approximation
to include three-body operators in the VS-IMSRG will
improve such predictions in magic nuclei and, possibly, in
titanium as well.
In summary, precision mass measurements performed

with TITAN’s Penning trap and multiple-reflection time-of-
flight mass spectrometers on neutron-rich titanium isotopes
conclusively establish the existence of weak shell effects at
N ¼ 32, narrowing down the evolution of this shell and its
abrupt quenching. We also present unprecedented calcu-
lations from several ab initio theories, including the first
ever published results using the NN þ 3NðlnlÞ interaction.
Overall, all presented theories perform well in this region,
but our work reveals deficiencies in the description of the
N ¼ 32 shell if compared to the neighborN ¼ 28. Our data
provide fine information for the development of the next
generation of nuclear forces. These results also highlight
the scientific capabilities of the new TITAN MR-TOF-MS,
whose sensitivity enables probing much rarer species with
competitive precision.
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R. Ringle, M. C. Simon, J. A. Vaz, P. Delheij, M. Good,
M. R. Pearson, and J. Dilling, TITAN’s digital RFQ ion
beam cooler and buncher, operation and performance,
Nucl. Instrum. Methods Phys. Res., Sect. A 676, 32
(2012).

[21] A. Lapierre, M. Brodeur, T. Brunner, S. Ettenauer, A. T.
Gallant, V. Simon, M. Good, M.W. Froese, J. R. Crespo
Lpez-Urrutia, P. Delheij, S. Epp, R. Ringle, S. Schwarz, J.
Ullrich, and J. Dilling, The TITAN-EBIT charge breeder for
mass measurements on highly charged short lived isotopes -
First online operation, Nucl. Instrum. Methods Phys. Res.,
Sect. A 624, 54 (2010).

[22] R. N. Wolf, M. Eritt, G. Marx, and L. Schweikhard, A multi-
reflection time-of-flight mass separator for isobaric purica-
tion of radioactive ion beams, Hyperfine Interact. 199, 115
(2011).

[23] P. Schury, K. Okada, S. Shchepunov, T. Sonoda, A.
Takamine, M. Wada, H. Wollnik, and Y. Yamazaki,
Multi-reflection time-of-flight mass spectrograph for
short-lived radioactive ions, Eur. Phys. J. A 42, 343 (2009).

[24] T. Dickel, W. R. Plaß, A. Becker, U. Czok, H. Geissel, E.
Haettner, C. Jesch,W.Kinsel, M. Petrick, C. Scheidenberger,
A. Simon, and M. I. Yavor, A high-performance multiple-
reflection time-of-flight mass spectrometer and isobar sep-
arator for the research with exotic nuclei, Nucl. Instrum.
Methods Phys. Res., Sect. A 777, 172 (2015).

PHYSICAL REVIEW LETTERS 120, 062503 (2018)

062503-6

https://doi.org/10.1038/430517a
https://doi.org/10.1038/430517a
https://doi.org/10.1088/1674-1137/39/10/104001
https://doi.org/10.1088/1674-1137/39/10/104001
https://doi.org/10.1103/PhysRevLett.95.232502
https://doi.org/10.1038/nature12522
https://doi.org/10.1038/nature12522
https://doi.org/10.1088/0031-8949/2013/T152/014017
https://doi.org/10.1103/PhysRevLett.114.202501
https://doi.org/10.1103/PhysRevLett.114.202501
https://doi.org/10.1103/PhysRevLett.109.032506
https://doi.org/10.1038/nature12226
https://doi.org/10.1103/PhysRevC.70.064303
https://doi.org/10.1103/PhysRevC.70.064303
https://doi.org/10.1103/PhysRevC.85.024317
https://doi.org/10.1088/1674-1137/41/3/030002
https://doi.org/10.1088/1674-1137/41/3/030002
https://doi.org/10.1016/j.ijms.2006.01.044
https://doi.org/10.1007/s10751-015-1184-2
https://doi.org/10.1016/j.ijms.2011.11.002
https://doi.org/10.1016/j.ijms.2011.11.002
https://doi.org/10.1088/0031-8949/91/9/093002
https://doi.org/10.1063/1.3115616
https://doi.org/10.1063/1.3115616
https://doi.org/10.7566/JPSCP.6.030142
https://doi.org/10.7566/JPSCP.6.030142
https://doi.org/10.1016/S0375-9474(01)01546-9
https://doi.org/10.1016/S0375-9474(01)01546-9
https://doi.org/10.1016/j.nima.2012.02.004
https://doi.org/10.1016/j.nima.2012.02.004
https://doi.org/10.1016/j.nima.2010.09.030
https://doi.org/10.1016/j.nima.2010.09.030
https://doi.org/10.1007/s10751-011-0306-8
https://doi.org/10.1007/s10751-011-0306-8
https://doi.org/10.1140/epja/i2009-10882-6
https://doi.org/10.1016/j.nima.2014.12.094
https://doi.org/10.1016/j.nima.2014.12.094


[25] W. R. Plaß, T. Dickel, U. Czok, H. Geissel, M. Petrick, K.
Reinheimer, C. Scheidenberger, and M. I. Yavor, Isobar
separation by time-of-flight mass spectrometry for low-
energy radioactive ion beam facilities, Nucl. Instrum.
Methods Phys. Res., Sect. B 266, 4560 (2008).

[26] W. R. Plaß, T. Dickel, and C. Scheidenberger, Multiple-
reflection time-of-flight mass spectrometry, Int. J. Mass
Spectrom. 349–350, 134 (2013).

[27] M. I. Yavor, W. R. Plaß, T. Dickel, H. Geissel, and C.
Scheidenberger, Ion-optical design of a high-performance
multiple-reflection time-of-flight mass spectrometer and
isobar separator, Int. J. Mass Spectrom. 381–382, 1 (2015).

[28] T. Dickel, M. I. Yavor, J. Lang, W. R. Plaß, W. Lippert, H.
Geissel, and C. Scheidenberger, Dynamical time focus shift
in multiple-reflection time-of-flight mass spectrometers, Int.
J. Mass Spectrom. 412, 1 (2017).

[29] C. Will, B.Sc. thesis, Justus Liebig University, 2017.
[30] M. Kretzschmar, Theoretical investigations of different

excitation modes for Penning trap mass spectrometry, Int.
J. Mass Spectrom. 349–350, 227 (2013).

[31] 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 Process.
142, 95 (1995).

[32] S. George, K. Blaum, F. Herfurth, A. Herlert, M.
Kretzschmar, S. Nagy, S. Schwarz, L. Schweikhard, and
C. Yazidjian, The Ramsey method in high-precision mass
spectrometry with Penning traps: Experimental results, Int.
J. Mass Spectrom. 264, 110 (2007).

[33] M. Brodeur, T. Brunner, C. Champagne, S. Ettenauer, M.
Smith, A. Lapierre, R. Ringle, V. L. Ryjkov, G. Audi, P.
Delheij, D. Lunney, and J. Dilling, New mass measurement
of 6Li and ppb-level systematic studies of the Penning trap
mass spectrometer TITAN, Phys. Rev. C 80, 044318 (2009).

[34] H. Hergert, S. Binder, A. Calci, J. Langhammer, and R.
Roth, Ab Initio Calculations of Even Oxygen Isotopes with
Chiral Two-Plus-Three-Nucleon Interactions, Phys. Rev.
Lett. 110, 242501 (2013).

[35] H. Hergert, S. K. Bogner, T. D. Morris, S. Binder, A. Calci,
J. Langhammer, and R. Roth, Ab initio multireference in-
medium similarity renormalization group calculations of
even calcium and nickel isotopes, Phys. Rev. C 90, 041302
(2014).

[36] H. Hergert, S. K. Bogner, T. D. Morris, A. Schwenk, and K.
Tsukiyama, The in-medium similarity renormalization
group: A novel ab initio method for nuclei, Phys. Rep.
621, 165 (2016).

[37] K. Tsukiyama, S. K. Bogner, and A. Schwenk, In-medium
similarity renormalization group for open-shell nuclei, Phys.
Rev. C 85, 061304(R) (2012).

[38] S. K.Bogner,H.Hergert, J. D.Holt,A.Schwenk,S.Binder,A.
Calci, J. Langhammer, and R. Roth, Nonperturbative Shell-
Model Interactions from the In-Medium Similarity Renorm-
alization Group, Phys. Rev. Lett. 113, 142501 (2014).

[39] S. R. Stroberg, H. Hergert, J. D. Holt, S. K. Bogner, and A.
Schwenk, Ground and excited states of doubly open shell
nuclei from ab initio valence-space Hamiltonians, Phys.
Rev. C 93, 051301(R) (2016).

[40] S. R. Stroberg, A. Calci, H. Hergert, J. D. Holt, S. K.
Bogner, R. Roth, and A. Schwenk, Nucleus-Dependent
Valence-Space Approach to Nuclear Structure, Phys. Rev.
Lett. 118, 032502 (2017).

[41] A. Cipollone, C. Barbieri, and P. Navrátil, Isotopic Chains
Around Oxygen from Evolved Chiral Two- and Three-
Nucleon Interactions, Phys. Rev. Lett. 111, 062501 (2013).

[42] V. Somà, A. Cipollone, C. Barbieri, P. Navrátil, and T.
Duguet, Chiral two- and three-nucleon forces alongmedium-
mass isotope chains, Phys. Rev. C 89, 061301 (2014).
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