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The atomic masses of 3Sc, 3%Ti, and 6~V have been determined using the high-precision
multireflection time-of-flight technique. The radioisotopes have been produced at RIKEN’s Radioactive
Isotope Beam Factory (RIBF) and delivered to the novel designed gas cell and multireflection system,
which has been recently commissioned downstream of the ZeroDegree spectrometer following the
BigRIPS separator. For **%Ti and *°~5°V, the mass uncertainties have been reduced down to the order of
10 keV, shedding new light on the N = 34 shell effect in Ti and V isotopes by the first high-precision mass
measurements of the critical species *Ti and >°V. With the new precision achieved, we reveal the
nonexistence of the N = 34 empirical two-neutron shell gaps for Ti and V, and the enhanced energy gap
above the occupied vp;3, orbit is identified as a feature unique to Ca. We perform new Monte Carlo shell
model calculations including the vds;, and vgy/, orbits and compare the results with conventional shell
model calculations, which exclude the vgy,, and the vds;, orbits. The comparison indicates that the shell
gap reduction in Ti is related to a partial occupation of the higher orbitals for the outer two valence neutrons
at N = 34.

DOI: 10.1103/PhysRevLett.130.012501

Masses of neutron-rich isotopes with N > 32 between
Ca and Ni have recently been studied intensely as valuable
probes for the complex nuclear structure emerging from
nucleon-nucleon interactions [1-6] and, furthermore, trig-

dependence of the tensor force between nucleons [9],
which lowers the vf5/, orbit with increasing occupation
of the zf7,, orbital for Z > 20. An additional ingredient to
the nuclear structure is a general decrease of the spin-orbit

gered major interest for nuclear astrophysics [7,8]. About
20 years ago, the major driving force for the strongly
changing level structure was identified as the spin-isospin
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splitting for the neutron levels by a more diffuse surface of
neutron-rich nuclei [10,11]. The interconnection of the
nuclear forces can cause the different orbits to be very close
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in energy, leading to the onset of collective behavior
[10,12-15]. For Ca isotopes, a pronounced reduction of
tensor-interaction effects due to the decrease of proton
valence particles occupying the zf;,, orbits has been
confirmed by the discovery of two new magic neutron
numbers [16], i.e., N = 32 in *Ca by nuclear spectroscopy
[17] and atomic mass measurements [18], and N = 34 in
%Ca by in-beam y-ray spectroscopy [19] recently con-
firmed by the first mass spectroscopy [20] of 3>~>’Ca. For
systems with additional protons, the level structure
becomes more dense up to the pronounced collectivity
in Cr isotopes, which has been investigated by in-beam
y-ray studies [15,21,22], as well as new mass evaluations
[4] highlighting the necessity to include the full pf shell,
go/2, and ds /, orbits in modern theoretical calculations [23].
In the Ti isotope chain, a collective behavior by level
intrusion of vgy, has been found by decay spectroscopy for
isomeric states of ®'Ti [24] and in-beam y-ray measure-
ments of 92Ti [25]. The first comprehensive mass studies of
V and Ti above N = 34 performed with the Bp-time-of-
flight (TOF) method are very recent [26,27]. A prominent
onset of deformation was confirmed by an increase of
binding energy toward %’Ti and %4V [27].

Multireflection time-of-flight (MRTOF) technology
became state of the art for nuclear mass measurements
after 2010 and is being developed in several facilities
worldwide (see references in [28]). Precisely measured
binding energies of nuclear ground states and metastable
states are an essential benchmark for theoretical calcula-
tions of the nuclear level structure and pave the way for
accurate extrapolations to presently inaccessible nuclei. In
this Letter, we present the on-line debut of a new part of the
SLOWRI project [29], the ZeroDegree (ZD) MRTOF mass
spectrograph [28], which has been put into operation
and coupled to a cryogenic gas cell located downstream
of the ZeroDegree spectrometer (ZDS) beamline at the
Radioactive Isotope Beam Factory. This unique configu-
ration has been used in both stand-alone and symbiotic
operations since an initial commissioning campaign per-
formed together with an in-beam y-ray spectroscopy
campaign (HiCARI project [30]). We report greatly
improved mass precision for neutron-rich Ti and V isotopes
up to N =36 and thus for their N = 34 empirical two-
neutron shell gaps for the first time by the key ingredients
3Ti and V.

The radioisotopes (RIs) were produced by projectile
fragmentation of a 345 MeV /nucleon zinc beam from the
RIKEN superconducting ring cyclotron accelerator using a
Be primary target of 2.03 g/cm? thickness. The reaction
products were selected by the BigRIPS separator [31,32]
for upstream experiments, and the residues passed through
the ZDS and reached the ZD MRTOF setup (shown in
Fig. 1). The RIs were slowed down using rotatable beam-
energy degraders (1-3 mm stainless steel [33]) and
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FIG. 1. Sketch of the ZD MRTOF combined setup. Compo-
nents from upstream to downstream: A plastic scintillator for
beam monitoring, a rotatable energy degrader, the cryogenic
RFGC, a radio-frequency quadrupole (RFQ)-based ion trap suite,
and the MRTOF mass spectrograph.

subsequently stopped in a newly assembled cryogenic
radio-frequency carpet-type helium gas cell (RFGC), pro-
viding a stopping length of 50 cm in a 266 mbar pressure
helium gas (room temperature equivalent) at 180 K.

The reaction products stopped in the He gas were
extracted through the exit aperture of the gas cell using
radio-frequency ion carpets [34—37] and guided to a well-
established ion-trap suite [38,39] for accumulation, cooling,
and preparation for the injection into the mass spectrograph.
The ions have been reflected back and forth between the ion
mirrors for ~#13 ms corresponding to about 600 laps with a
maximum kinetic energy of 2.5 keV (in the central drift
tube). During their multiple passes, the ion ensemble was
purified from nonisobaric contaminant ions, which were
extracted from the gas cell with orders of magnitude larger
quantities than the ions of interest. To this end, a cleaning
scheme using electrically pulsed mirror electrodes has been
employed as described in [28]. Ultimately, the ions were
time focused onto a detector (ETP MagneToF) producing an
impact signal whose time, relative to moment of ejection
from the ion trap, was digitized using a multihit time-to-
digital converter (MCS6A, Fast ComTech).

From the measured TOF, masses were calculated using
the single reference method,

m, —q,n, 2
P+ gqam,,
qr t, — 1y

m, = gy
where m, (g,) and m, (g,) are the masses (charges) of the
ions of interest and the reference ions, respectively, and m,
is the electron mass. The TOF ratio p, linking the ion
masses to each other is derived from the analyte and
reference TOF ¢, and 7,, where ¢ is an offset time denoting
the start time of the measurement. From test measurements
in the same mass region, the offset time was fixed to
to = 150(10) ns, where uncertainties of #, introduce a
systematic mass uncertainty (see Ref. [40]). However, as
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FIG. 2. (a) TOF spectrum including the most exotic species.
The inset shows a magnified view of the **TiOH™ peak together
with the fitting function. The mass resolving power achieved for
the ions of interest was ~820 000. (b) Mass differences between
our experimental values (red points) and the ones from AME2020
(gray bands).

isobaric ions were used as references for all cases, the
systematic mass uncertainties with &m;)"/m < 10~ be-
come negligible and are not explicitly considered.

A software drift correction (see, e.g., [41]) has been
applied and the ion TOF signals were fitted using a
Johnson’s Sy distribution [42] as empirical fit function,
which allows for additional shape parameters like skewness
and kurtosis [see the inset of Fig. 2(a)]. An unbinned
maximum log-likelihood method was used to perform TOF
fits [43,44] employing simultaneous fitting for several
analyte peaks and the mass reference.

The RIs were measured either as direct products from the
incoming beam or as decay products with the beam
components as precursors. In the case of A =55, >Sc
was the major beam component (47%, 850 pps), while 3°Ti,
and >3V were produced from  decay of °Sc inside of the
RFGC. The beam composition for A =56 and A =57
isotopes was °Ti (50%, 4500 pps) and 'V (43%,
3800 cps), and for A = 58, 59 the major components were
3Ti (22%, 1900 pps) and >V (72%, 6200 pps).

The ions of interest were extracted from the gas cell as
atomic ions and as molecular compounds upon chemical
reactions, depending on the conditions of the RFGC during
the online commissioning tests. The presence of isobaric
molecules in almost all spectra has been exploited for
referencing, as well as for mass accuracy benchmarks if
two or more well-known molecules were identified in the
same spectrum. In the case of 35ScOH™, no stable isobaric
molecule was available, and »TiOH* ions produced by j
decay have been used as a reference (°Ti was recently
measured at TITAN [2]).

TABLE I. Results of the mass measurements: species of RI
and the reference ions, number of measured events for the RI,
TOF ratio, and the measured atomic mass excess of the RI. The
chemical compounds refer to the most abundant stable isotope of
each element.

N, ME,,
(counts) P (keV)

3ScOHT STiOH* 58  1.00008196(17)  —30853(28)

Ton, ITon,

SoTi* Ny 55 0.999512461(71) —39408.2(7.4)
STIOH* C,FO; 235  0.999871654(31) —31442.0(3.7)
SVOH* TiOH* 4 0.99994550(68)  —49146(92)
Soy+ Ny 342 0.999446769(59) —46259.6(6.2)
SV ArOH' 95  0.99988791(14)  —44383(15)
Sy -+ C,H,S* 105  0.999732737(82)

SVOH' C,FOF 192 0.999808205(66) 10 3001(5:6)
oy+ Crt 270 1.00009378(10)

VOt C,FOF 109 0.999773864(47) —37802.2(2.8)
SVOHT  CSf 244 1.000118625(24)

SoCr+ Ny 222 0.999360129(51) —55295.0(5.3)
Sicrt ArOH® 283 0.99981107(11)  —52536(12)
SCrt CoHoStT 192 0.999624418(45)

SCrOH* C,FO; 131 0.999724521(55) —31999.5(37)
¥CrOH*  CSy 99  1.000045786(33) —48105.0(4.6)
SMnt  ArOH* 89  0.99976432(14)  —57496(15)
Mt CoH,S* 28 0.999588996(69) —55.829.0(5.9)
Mt FCrt 509 0.999932535(69) —55524.7(5.0)

The experiment resulted in the measurement of 15
atomic masses, which are concluded in Table I. A TOF
spectrum containing the key isotopes **Ti and 3°V is shown
in Fig. 2(a). Our experimentally determined mass values of
33V, 36=39Cr, and 7~>°Mn are consistent with the previously
adopted values in the AME2020 [45] [see Fig. 2(b)]. For
the five isotopes *%*Ti and 383V we report an improve-
ment of mass precision by more than an order of magni-
tude. The atomic mass of >°Sc published in [3] was
confirmed, and also 57V have been found to be in
agreement with the previously known values. The new
masses of 83V deviate from previous Bp-TOF measure-
ments [26,27] by more than 1 standard deviation o, while
particularly for *Ti a sizable deviation of 2.5¢ from the
recently reported values was found. Because of this
deviation, the correct identification of *TiOH' as a RI
molecule was additionally confirmed by time-of-flight
spectra using a different beam with similar intensity but
no content of ®Ti. Very recently, high-precision mass
measurements of *°Ti and °~%V were also published from
TITAN [5] and are in agreement with our results. The high-
precision mass measurements of 3¥Ti and >V are the core
achievement and allow for the first complete study of the
N = 34 two-neutron shell gap for Z = 22, 23.

We discuss the new insights into the structure of Ti and V
at N =32, 34 using two-neutron separation energies
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FIG.3. Two-neutron separation energies of neutron-rich Ca, Sc,
Ti, V, and Cr isotopes as a function of the neutron number. Black
open circles are experimental values from AME2020 [45]
including recent mass measurements [26,27]. The red filled
circles are updated values from this Letter, where a split circle
denotes the combination of the new data with values from
AME2020 (see legend).

Sou(N,Z)=m(N=2,Z)—m(N,Z)+2m,, where m(N, Z)
is the atomic mass of a nucleus with Z protons and N
neutrons, and m, is the mass of a neutron. Figure 3
shows the S,, of the isotopic chains with N = 3041
and Z = 20-24 including our new results. A pronounced
steep decrease at neutron number 32 is visible for Ca and
Sc, but becomes weaker for Ti isotopes as previously
reported. For Ti, a larger binding energy has been measured
at N = 36 and suggests an earlier onset of the deformation
recently discovered toward N =40 [27]. Comparing the
previously reported data with the new results, the negative
slope beyond N = 34 decreases, which is similar to the
recent findings in the Sc chain, but now confirmed for the
even-proton number Z = 22. It seems that the steep drop of
S,, for N > 34 is restricted to the Ca chain and possibly to
systems with less protons (as observed for K isotopes at
N = 32 [46]) and weakens for isotopes with Z > 20.

We further investigate the empirical neutron shell gaps
defined by the differences of two-neutron separation ener-
gies Ay, (N,Z) = S,,(Z,N) = S,,(Z,N + 2) as shown in
Fig. 4 as a function of proton number. For Ca, the height of
the experimental A,, peak at N = 28 measures close to
6 MeV, while about 3.8 MeV are also observed at N = 32
[18] and still 2.6 MeV at N = 34 [20], which is due to the
pronounced splitting between vps3/, vpip, and vfs),
[47,48]. For Sc isotopes, experimental A,, are confirmed
for N = 32, while for N > 32 the present results have been
combined with the existing data. For N = 32, the hill of

3 f

—O— literature values
—@— with this letter

T N =28
T @ muit.(N —2) = 2Miexp. (N) + muie. (N + 2)
: @ mii. (N = 2) = 2myig (N) + Mexp. (N + 2)
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FIG. 4. Empirical shell gaps (A,,) for isotones with the
canonical magic number of N = 28 and the new magic numbers
of N =32 and 34. Data are from the AME2020 with recent
measurements as in Fig. 3 (black open circles) and our experi-
mental values (red partly filled circles).

enhanced shell gaps (being maximum in Ca) gradually
decreases when adding protons to the zf7/, shell, similar
to—but weaker than—the effect in the N = 28 isotones.

In turn, for the N = 34 isotones a new picture is obtained
including our results. An increase of the shell gap from
Sc to Ti was seen in the A,, from AME2020 (black line),
whereas a vanishing of this trend for Ti and V is observed
when the new high-precision data are included. In contrast
to N = 28 and 32, the pronounced N = 34 gap turns out to
be a unique feature for the Ca isotopes and shows no
significant effect in the isotopes above. For V isotopes, the
new studies reveal a similarly low shell gap at both N = 32
and N = 34.

We have performed advanced Monte Carlo shell model
(MCSM) calculations [49] for the even-Z isotopic chains
Ca, Ti, and Cr. During the last two decades, shell model
approaches have made tremendous progress through the
development of microscopic effective interactions employ-
ing the G-matrix equation [50]. In this Letter, the model
space used in the calculations considers the full pf shell,
9oz, and ds;, for both protons and neutrons. Binding
energies are calculated with respect to the doubly magic
40Ca core. The nucleon-nucleon effective interactions
in the model space are based on the A3DA Hamiltonian,
which was developed using the GXPF1A [51], JUN45 [52],
and G-matrix effective interactions. A further modified
Hamiltonian including corrections for the vgy/, orbit
adjusted to the Ni isotopic chain [53], i.e., A3DA-m, has
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Empirical shell gaps (A,,) for Ca, Ti, and Cr isotopes as a function of neutron number. Data are from the AME2020 with recent
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pink and blue show the theoretical values with A3DA-m and GXPF1A, respectively. The insets show the occupation number on each
orbit for the last two neutrons, calculated with MCSM. Other chosen theoretical models are shown with dashed lines and given in the

legend.

been used in the present calculations. For comparison, we
perform conventional shell model (SM) calculations
employing the KSHELL code [54] using the GXPFIA
interaction, which excludes the dg orbitals.

The new theoretical data of the empirical shell gaps from
both MCSM (A3DA-m) and SM calculations (GXPF1A)
are shown together with the experimental data in Fig. 5 for
the three calculated isotopes. The A,, values measured by
the present experiment are rather well reproduced by the
MCSM calculations, where the limitation of orbits in
GXPFI1A leads to an overestimation of A,, at N =32
for Ti and Cr, and at N = 34 for all three isotopes. The
insets in the figure show the calculated occupation numbers
of the orbits in which the last two neutrons are located,
resulting from the MCSM framework. The inclusion of
orbits above the pf shell leads to an increasing occupation
of the gg/, orbit from Ca to Cr at N = 36, which for the
latter two isotopes dominates that of the f5,, orbit. This
behavior produces an enhanced binding energy and lowers
the calculated shell gap at N =34 for Z > 20. For
comparison with the new MCSM calculations in Fig. 5,
we have selected mass models employing other theoretical
techniques: the macroscopic-microscopic model FRDM12
[55], the self-consistent mean-field model HFB26 [56], the
phenomenological mass model KTUYO0S5 [57], and the
recent ab initio model VS-IMSRG [58].

In conclusion, the masses of 15 neutron-rich nuclei have
been measured with high precision and accuracy by the
multireflection time-of-flight technique using the new ZD
MRTOF-MS. Among the results, the mass precisions of
3Sc, °Ti, *Ti, 3%V, 37V, 3V, and >’V have been signifi-
cantly improved to the order of 10 keV or below. For >°Sc,
the recently measured value from TITAN (TRIUMF) [3]
has been confirmed. The newly determined masses of ¥Ti
and >°V were found to have significant deviations from
previously measured values, where especially for >*Ti an
increased binding energy has been measured. The newly
determined two-neutron separation energies suggest that

the N = 34 shell effect in Ca isotopes is an exclusive
feature of this chain and does not reappear at or beyond Sc,
as suggested by the previous data, and also as expected by
the theoretical picture [48]. New Monte Carlo shell model
calculations using the A3DA-m Hamiltonian have been
performed and reproduce the experimental findings, while
conventional GXPF1A calculations produce an overesti-
mation of the shell gap. This result emphasizes the
importance to include dg orbits into the nuclear model
space to explain the experimental findings.
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