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Mapping of a New Deformation Region around °°Ti
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We performed the first direct mass measurements of neutron-rich scandium, titanium, and vanadium
isotopes around the neutron number 40 at the RIKEN RI Beam Factory using the time-of-flight magnetic-

rigidity technique. The atomic mass excesses of >%7%0Sc, 90=62Ti and %24V were measured for the

first time. The experimental results show that the two-neutron separation energies in the vicinity of %°Ti
increase compared to neighboring nuclei. This shows that the masses of Ti isotopes near N = 40 are
affected by the Jahn-Teller effect. Therefore, a development of Jahn-Teller stabilization appears below the
Cr isotopes, and the systematics in Sc, Ti, and V isotopes suggest that °Ti is located close to the peak of

the Jahn-Teller effect.

DOI: 10.1103/PhysRevLett.125.122501

The atomic nucleus is a self-consistent quantum system
dominated by the nuclear interactions among protons and
neutrons. The character of the interactions directly
influences a mean-field shape and internal shell structures
of individual nucleus. On the Fermi surface of a nucleus,
the energy spacing of occupied and unoccupied orbitals is
an indication of the robustness of the nucleus [1,2].
A degeneracy of these orbitals drives an onset of nuclear
deformation through the Jahn-Teller (JT) effect [3,4], which
is well known as a symmetry-breaking mechanism in
various self-consistent quantum systems such as nonlinear
molecules and crystals [5]. The main function of the JT
effect is to obtain effectively the stability of the system by
modifying its degeneracy. It is noteworthy that the JT effect
provides a consistent explanation of the onset of deforma-
tions in the nuclei accompanying a magicity-loss phenome-
non at N = 8, 20, and 28 [6]. Theoretical considerations
suggest that this phenomenon is caused by the JT effect
combined with shrinking of conventional energy gaps of
single-particle levels in stable nuclei. Such a scenario is
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supported by the experimental results of shell quenching
and nuclear deformation in nuclei around }*Beg [7-9],
31Nay, [10-12], and 1¢S,q [13-16].

The structural change along the N = 40 isotones is a
significant milestone to explain the close relation between
shell evolution and stability in neutron-rich nuclei [17].
The deformation mechanism in neutron-rich nuclei around
N = 40 is then considered to be similar to that in the so-
called island-of-inversion nuclei around N = 20. The
island of inversion expresses nuclear regions of deforma-
tion promoted by shell breaking associated with the magic
numbers [18]. It is suggested that the nuclear central force
and tensor interaction play key roles in the change of the
single-particle levels in both nuclear regions [19-21].
As the number of protons is reduced in zlf;,, (zlds,)
in neutron-rich N =40 (20) isotones, the tensor inter-
actions weaken the binding of the spin-orbit part of the
vifs; (vlds),) orbital and simultaneously promote an
intruder effect of the vl1gy/, (¥1f7/,) and higher orbitals
[22,23]. In order to survey a new region of deformation,
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many experiments for Cr-Fe isotopes at N ~40 were
performed to measure low-lying excitation energies
[24-27], quadrupole collectivities [28,29], and atomic
masses [30-32]. Those experimental results consistently
support the onset of enhanced deformation at Z = 24-26
due to intruder effects of the upper vgy/, and vds, orbitals.

Recently the two experimental articles were published
concerning the nuclear properties around °Ti. In °'Ti, a
candidate of an isomeric state at 700 keV in the vgy , orbital
was found [33]. This result indicates that a degeneracy
between the fp and gy, orbitals is indicated in Ti isotopes
close to N = 40. Furthermore, it was reported that the 2
and 4] excitation energies in %°Ti are located at 683(10) and
1506(22) keV [34]. The authors suggest that the configu-
ration mixing between neutron fp and gd orbitals is
significant in %°Ti and that it tends to decrease from %Cr
to 5°Ti.

In this Letter, we present the first mass measurements
of the scandium, titanium, and vanadium isotopes far from
stability, towards N = 40. This provides critical data
to map the new island of inversion around N = 40.
The measurement was performed by the time-of-flight
magnetic-rigidity (TOF-Bp) method [35,36] using the
105-meter beam line of the BigRIPS separator [37], the
High-resolution beam line, and the SHARAQ spectrometer
[38] at the RI Beam Factory (RIBF) at RIKEN. The
experimental setup and analysis are described in detail
in Ref. [39] and briefly summarized here. A schematic
layout of the beam line with the locations of the detectors
used in the experiment is shown in Fig. 1. The isotopes of
interest were produced by fragmentation of a "°Zn primary
beam at 345 MeV /nucleon in a *Be target of 2.2 g/cm?
thickness, purified by using a wedge degrader with the
central thickness of 0.27 g/cm? at BigRIPS focus F1, and
transported in the dispersion matched mode [40] to the final
focal plane, S2. The momentum acceptance in this mode is
4+0.3%. A set of CVD diamond detectors [41] at F3 and S2
measured the TOF. The typical TOF was 540 ns. Low-
pressure multiwire drift chambers (LP-MWDCs) [42] and a

|FO .
C% Production target (°Be) BigRIPS S2 )
il =y, Timing (CVD Diamond
&y .
oo mamp® Son Tracking (LP-MWDC)
& Energy loss (SSD)
F1 F3 Delayed y-ray (Plastic stopper,

A Y
Timing (CVD Diamond) @ﬂ
Tracking (LP-MWDC) T

HPGe, Plastic veto)

|| prastic stopper

Wedge degrader (27Al)

CVD Diamond

High-Resolution -

Beam Line 4
S 0 H A f Plastic Veto
Magnetic rigidity (DL-PPAC) : =0
SHARAQ ‘ Al Degrader
Spectrometer Qi

FIG. 1. Schematic layout of the BigRIPS separator, the High-
resolution beam line, and the SHARAQ spectrometer. Detectors
and equipment in the focal planes FO-F3, SO, and S2 are shown.

delay-line parallel-plate avalanche counter (DL-PPAC) [43]
were used for beam tracking at the foci indicated in Fig. 1.
Silicon strip detectors at S2 were installed for identification
of the atomic number of the fragments. For isomer search of
the isotopes, a detector system [44] consisting of a plastic
stopper, two HPGe clover detectors [45] and a plastic veto
detector was installed downstream of S2 to estimate the
flux of isomer states in fragmented nuclei.

The mass of a fragment m is determined from the
simultaneous measurement of the charge g, TOF ¢, mag-
netic rigidity Bp, and flight path length L between the
timing detectors by using the equation

B B r\?
m_Bp _Bp <6_> 1 (1)
g yL c L

where y is the Lorentz factor and c¢ the speed of light. The
required high accuracy of the mass is achieved with
accurate ion-optical parameters for L and Bp determined
by using tracking data. In practice, the atomic masses are
determined by considering a fourth-order polynomial
function of the ion-optical matrix elements, which were
determined by a multiple polynomial regression of the ion-
optical data of reference masses measured simultaneously.

Figure 2 shows the measured m/q spectrum of the
scandium, titanium, and vanadium isotopes, where the
masses of underlined nuclei are newly measured in
the present experiment. The horizontal axis was calibrated
by the reference masses measured simultaneously of
S-S540y 49.51-S3K  d6-487p 434601 41425 38-42p  ,4ng
36-40Gj [46-49]. The typical root-mean-square (rms) reso-
lution of m/q for these isotopes is 1 x 107*. The reference
masses are distributed in m/g in the range of
2.527-2.857 amu/e and thus cover all the isotopes of
interest. The m/q values of the reference masses were
systematically reproduced within an error of 6.1 keV/e,
which is perceived to be the systematic error in this

T T T T l T T T T l T T T T
_10° soTj | %M j
p E 62! 63 3
S C v v 3
~ I i
209
S 107 s oTi |
o E =
2 C 61\/ 3
© - -
T ! SV ey
> E T BE

10° 1Ly 1 | 1 Ll | ‘l T
2.6 2.7 2.8 2.9

m/q (amu/e)

FIG. 2. Measured m/q spectrum of Sc, Ti, and V isotopes.
The masses of underlined isotopes are newly determined in the
present experiment.
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TABLE I. The isomeric y decays identified in the present experiment and previously reported values.
Nucleus E, (keV) Ty (us) I, (%) Ref.
OITj 125.2(6), 576.1(5) 0.3(1), 0.2(1) 62(33), 100(51) Present
125.0(5), 575.1(5) 0.200(28), 0.354(69) [33]
PTi 108.9(4) 0.61(2) 100 Present
108.5(5) 0.618(12) 100 [33]
8Sc 180.5(6), 247(2), 412.3(6), 580.9(4) 0.6(2), 1.3(8), 0.9(5), 0.5(2)  27(14), 26(19), 85(36), 100(43)  Present
3¢ 140.6(4), 187.9(5), 587.5(4), 728.0(6) 0.29(2) 37(8), 36(7), 100(18), 24(7) Present
47.7(3), 140.5(3), 187.8(3), 587.2(3), 727.1(3) 0.290(30) 70(19), 61(7), 61(8), 100(12), 32(5) [51]

measurement. In the previous works using TOF-Bp method
[39,49,50], it was reported that a correction depending on
the atomic number is necessary to determine m/q values
precisely. In the present analysis this correction was applied
in the same manner as shown in Ref. [39]. The systematic
errors of the Z-dependence correction for Sc, Ti, and V
isotopes were evaluated to be 5.7, 9.1, and 13.3 keV/e,
respectively.

Additionally we estimated the mass shifts contributed
from isomers in the beam. Details of the isomer measure-
ment were reported in Ref. [44]. The particles were stopped
in the S2 plastic stopper after the mass measurement and
the two HPGe detectors installed close to the stopper
detected the isomeric y rays (see Fig. 1). This system
confirmed that the isomers in %S¢ and *%'Ti were
contained in the beams, where the isomeric y spectra in
8Sc and ®'Ti were previously reported [44]. The typical
detection efficiency of the system was 10% (2%) for
100-keV (1-MeV) y rays. The isomeric y energies identified
in the present experiment are summarized in Table I
together with previously reported information [33,51].
The present values of y-ray energies (E,), half lives
(T »), and relative intensities (/,) are consistent with the
reported data, where I, includes the conversion electrons
estimated by the Brlcc evaluation [52]. An isomer reported
in %V [53] was not observed in the present experiment and
hence the mass shift by this isomer was negligible. The
contaminant fluxes of isomers (ep3) and the contributions to
the atomic masses (0E;,) were evaluated based on the
above isomeric data and the obtained y yields, and summed
up in Table II. The column of eg; shows contaminant fluxes
at the focal plane F3 (see Fig. 1) estimated from the y-ray
yields. The 6E;, values are estimated from E\, T, and
ep3 by using the equation

}/TI/Z tIn2
=emE (2 ) (1 —exp |- 2
€F3 x<t1n2)< CXP[ vThys . (2)

where ¢t and y are TOF and the Lorentz factor of the
isomers, respectively. Because the isomeric state in *3Sc
could not be fully determined due to insufficient statistics,
we evaluated 0E;, in all combinations. The mass shifts by
the sub-us isomers in *°Sc and >*°!Ti were obtained from

the present isomeric y-ray data, where the cascade effect in
SITj is considered. In 3°Sc, a high-spin isomeric state was
reported [51], and the §E;, estimation for this state is also
shown in Table II. The E, and ey values of the state are
estimated based on the experimental results of Ref. [51].
The ep; value can be estimated to be ~50%, because their
RI beams were produced by the fragmentation reactions
under similar conditions. Also, it is assumed that the E,
value of this isomeric state is as high as that of the other
isomer because of their spin assignments. If these energies
would be very different, the y transitions would, certainly,
have been observed experimentally.

The present experiment successfully provides the atomic
masses of 23700S¢, ©0-62Tj and 9204V for the first time. The
atomic mass excesses of the isotopes determined in the
present experiment are summarized in Table III. The total
error of a mass excess is obtained by a quadric sum of the
statistical error, the two systematic errors and an estimated
error in the mass shift by isomeric states. In the third
column, the values cited in the AME2016 database [54] are
shown, where those with a hash sign (#) are estimated
values. The present mass excesses are fully consistent with
the AME2016 database within 1o errors. The recent results
reported in Ref. [55] are shown in the fourth column, and
are consistent with the present results.

To qualify the systematic trends of the mass surface
in the interested nuclear region, Fig. 3 shows the
two-neutron separation energies (S,,) in the range of
isotopes of ,,Ca—,,Fe. The S,, value is defined
as S, (Z,N)=A,(Z,N-2)—A,(Z,N)+2A,, where

TABLE II. The estimated contributions of isomeric states to the
atomic masses (0F;,). The table includes the excitation energies
(E,), half lives (T/,), and fluxes of the isomeric states (e3)
deduced in the present experiment.

Nucleus E, (keV) Ty (us) e (%)  OE, (keV)
1T 701.3(7) 0.354(69) 28(11) 144(60)
125.2(6) 0.200(28) 0(24)
PTi 108.9(4) 0.618(12) 86(4) 73(3)
58G¢ . e . 69(22)
Sc 775.0(1) 0.29(2) 3(1) 19(3)
~T75 7.5(6) x 10* ~50 0(390)
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TABLE III. The atomic mass excesses determined in the
present experiment and those cited in the AME2016 [54] and
Ref. [55] are shown. The hash sign (#) indicates the estimated

values in AME2016.

Present AME2016 [54] Ref. [55]
Nucleus (keV) (keV) (keV)
o4y —16690(510) —16320(400)#
3y —21740(340) —21890(400)#
02y —25130(340) —25480(300)# e
oy —29700(430) —30510(890) —30380(280)
2Ty —13300(450) —12500(400)# e
6ITj —16180(280) —16350(400)#
60T} —22100(240) —22330(300)# e
*Ti —25200(240) —25510(200)# —25220(270)
38Ty —30950(270) —31110(200)# —30890(250)
0S¢ —3550(1040)  —4050(500)# e
MSc —10830(250) —10300(400)#
3Sc —15480(190) —14880(400)#
3Sc —21380(180) —21000(1300) —20180(890)
S —25310(430) —243850(590) —25380(260)( f§)40)
3Sc -30610(190) —30160(450) —31090(220)

A,,(Z,N) and A,, are the mass excess of the isotope with Z
protons and N neutrons and that of a neutron, respectively.
The plots in this figure are calculated from the present
masses, AME2016 database and the masses reported after
AME2016 [32,39,55-57]. The solid (open) circles show
the values listed in Table III (reported). Isotopic chains are
connected by solid lines.

It is well known that the decreasing S,, values of an
isotope as a function of the neutron number is primarily
linked to the asymmetry term in the liquid-drop model and
to the configuration mixing promoted by the two-body
interactions in the nuclear shell model. Both descriptions
lead to an approximately linear drop of S,,, chains [58], and
such a trend appears in chains of proton-magic isotopes
such as the Ca and Ni isotopes. The deviation from linearity
in a S, chain indicates the change of nuclear properties of
the isotopes: A sudden drop of a S,, value indicates a shell
closure. An increasing trend of a S,, chain indicates the
emergence of the JT effect, where the correlation or
deformation lower the ground-state energy of the isotope.

In Fig. 3, the S,, trends in V-Fe isotopes are similar,
decreasing gradually as the neutron number increases
up to 40. Also, for N = 34-37, the §,, slopes of Ti and
Sc isotopes are similar to heavier isotopes. The S, slope in
Ti becomes almost constant horizontally for N = 37-40,
while the Sc chain continues a declining trend up to
N = 39. The new value in **V shows that the V isotope
has an open-shell nature at N = 40 as observed in Mn and
Fe isotopes.

Figure 3 also shows a theoretical S,, systematics
obtained from a current global mass model. The dashed
lines show the predictions of the macroscopic-microscopic
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FIG. 3. The two-neutron separation energies (S,,) of Ca-Fe

isotopes around N = 40 as a function of the neutron number. The
solid lines connect isotopes. The dashed lines show a theoretical
prediction [59] as calculated by the LZU model.

Weizsicker-Skyrme-type (WS-type) formula with treat-
ments of two radial basis functions (RBF) corrections
(LZU) [59], which is reported to reproduce the atomic
masses listed in AME2016 with an accuracy of 149 keV in
rms. The lines of the prediction are corresponding to the
experimental data with the same colors. This model largely
reproduces the S,, trends including the present data.
However, it is obvious that the model underestimates the
S,, values in ®16Ti isotopes.

Also in the following modern global mass models that
reproduce the trends of the experimental S,, values, a
similar underestimation of S,, is found around ©Ti:
WS4RBE [60] and UNEDF1 [61]. WS4REF is a modified
WS-type mass model having excellent mass reproductivity
for experimental values, which is comparable to LZU
(170 keV in rms for the AME2012 data). The WS4RBF
mass predictions in this region are almost identical to the
LZU predictions. UNEDFTI is the recent universal nuclear
energy density functional, which is updated from the
UNEDFO [62] by adding the experimental excitation
energies of fission isomers in the actinides to the list of
fit observables. UNEDF1 reproduces more quantitatively
the §,, trends around the present results. Although its
reproductivity is worse than the above WS-type models
(~1 MeV in rms for S,, [63]), the calculated trends
sufficiently match the experimental values except in the
vicinity of ®°Ti. The S,, systematics by all of those mass
models correspond to the features of LZU. In Fig. 3, only the
results of the LZU calculations are shown to avoid clutter.

The theoretical S,, evaluations by the microscopic
calculations with the valence-space formulation of the
in-medium similarity renormalization group (VS-IMSRG)
[64] were published recently. It was reported that the
theoretical S,, values are systematically smaller than the
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experimental ones in Ca and Cr isotopes for N > 34
[32,39,55]. Also in comparison to the present results, the
same trends were found in Ti and V isotope chains.

The experimental results reveal the emergence of a
large JT effect in the vicinity of ®°Ti in comparison with
the above-discussed theoretical predictions, and confirm
that ®°Ti becomes very stable. Because the behavior of the
mass surface resembles the one in the N = 20 island of
inversion, it is natural to consider that the configuration
mixing among neutron fpgd orbitals is advanced in the
region, driving the onset of the island of inversion along
N = 40. The expansion of configuration mixing in neu-
tron orbitals was experimentally confirmed by the increas-
ing of the quadrupole deformation in Fe and Cr isotopes at
N = 40. The present experiment confirms the largest JT
stabilization in the vicinity of %Ti, although the nuclear
quadrupole deformation from Cr to Ti decreases [34]. This
divergence is a unique feature at N = 40 and has not been
observed in the neutron-rich deformation regions at
N =8, 20, and 28. It was theoretically discussed that
an emergence of the nuclear JT effect is dominated by the
ratio of residual interactions over an energy scale of the
level degeneracy [4]. In this situation, the quadrupole-
quadrupole interaction in nuclei is remarkable among the
residual interactions. Therefore, the present results imply
that the degeneracy of neutron single-particle states
strongly promotes JT stabilization in %°Ti, and that %°Ti
consequently obtains large nuclear stability in spite of
relatively small deformation.

The experimental trend of S,, in Sc isotopes suggests
that the JT effect decreases towards %'Ca. Almost all of the
theoretical mass models cited above and the shell-model
calculations [23] predict to be the open-shell nature in °°Ca.
However, the mass of ®!Sc and the improvement in ®Sc are
critical for quantitative discussions.

In conclusion, the atomic masses of the neutron-rich
isotopes 8-90Sc, 69-62Tj, and 6>~%4V were measured using
the TOF-Bp method and determined for the first time. The
relative precision of the atomic mass of 6°Ti was achieved
to be 7.8 x 1076, The S,, systematics extended through the
present measurements exhibit that the JT effect is observed
in the masses of °1:°?Ti, and that the nuclei in the vicinity of
2Ti have stabilities larger than predictions by current
theoretical mass models. The recent experimental and
theoretical studies [65,66] of neutron-rich Fe and Cr nuclei
suggest that the deformation in the isotopes extends beyond
N = 40 and reaches N = 50. Also, the existence of ®®Ca is
experimentally confirmed and the existence of "’Ca is
theoretically expected [67]. To pin down these attractive
expectations, it is a critical to know how far a large JT
stability extends towards more neutron-rich isotopes as
observed in 5°Ti. The extent of this effect may dominate the
neutron drip line of not only neutron-rich Ti but also Ca
isotopes.
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