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Recent investigations of exotic nuclei with N = 32 and 34 have highlighted the presence of sizable
subshell closures at these neutron numbers that are absent in stable isotones. Indeed, the develop-
ment of the shell gap at N = 32 is now well established from studies along the calcium, titanium,
and chromium isotopic chains and, more recently, below the Z = 20 core in potassium and argon
isotones. The onset of a new subshell closure at N = 34 was reported in **Ca owing to the rela-
tively high energy of its first 2* state. On the theoretical side, the development of these neutron
subshell gaps has been discussed, for example, in the framework of tensor-force-driven shell evo-
lution; as protons are removed from the 7 f7/, orbital, the v f5/, state becomes progressively less
bound and shifts up in energy relative to the vp3,—-Vpj /> spin-orbit partners. However, it was
also reported that no significant N = 34 subshell gap exists in titanium, despite the fact that an in-
version of the V f5; and vpy ), orbitals has been noted. Thus, the strength of the N = 34 subshell
closure in the scandium isotopes, which lie between calcium and titanium, provides additional
insight on the migration of the v f5,, orbital in exotic nuclei. In the present work, the low-lying
structures of the neutron-rich isotopes *Sc, Sc, and °Sc—investigated using in-beam y-ray
spectroscopy with fast radioactive projectiles—will be presented, and the evolution of the N = 34
subshell closure will be further examined. The results will be compared to modern shell-model

calculations applied within the pf shell.
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1. Introduction

The neutron-rich fp shell is bounded by the proton and neutron numbers Z = 20-28 and
N =28-40. For exotic nuclei in this mass region, an attractive nucleon-nucleon interaction between
the 77/, and v f5 , proton and neutron orbitals has been discussed, for example, in the framework
of tensor-force-driven shell evolution [1], as being responsible for nuclear shell evolution around
Z =720. Namely, as protons are removed from the 77/, orbital (from Ni to Ca), the strength of
the interaction weakens, causing the neutron V 5, state to shift up in energy relative to the vp; ,—
Vp3 /> spin-orbit partners. This leads to the possible development of new neutron subshell closures
at N = 32 and 34 in exotic nuclei approaching calcium, as illustrated in Fig. 1 of Ref. [2].

Prior to the experiment of the present work, which is outlined in Section 2, the development
of subshell gaps at N = 32 was reported in 32Ca [3, 4], 5*Ti [5, 6], and 7°Cr [7, 8] from systematics
of first 2 energies [E(2])] and B(E2) transition rates. However, no significant N = 34 subshell
closure was observed in either “°Ti [6, 9] or “8Cr [7, 8], while input from theoretical calculations in
the case of ¥*Ca was unclear owing to a large divergence of predicted E (2;”) values for this isotope.
It is also noted that, more recently, the N = 32 subshell closure was confirmed in Ca isotopes
from high-precision mass measurements using the multi-reflection time-of-flight method [10], and
experimental evidence has emerged for the persistence of the N = 32 gap in nuclei ‘south’ of the
Z = 20 shell, namely, in K [11] and Ar [12] isotones. Interestingly, however, the double magicity
of >2Ca has been questioned based on measurements of nuclear charge radii deduced from laser
spectroscopy experiments [13]. In order to clarify the strength of the N = 34 subshell closure in
nuclei further from stability, the structures of the exotic isotones >*Ca and Sc were investigated
in the present work. New results on the neighbouring isotopes >*Sc and *°Sc are also presented.

2. Experiment

The nuclei of interest—exotic N ~ 34 isotopes around Z = 20—were studied using the tech-
nique of in-beam 7y-ray spectroscopy at the RIKEN Radioactive Isotope Beam Factory (RIBF); a
schematic layout of the facility is provided in Fig. 1.

Projectile fragmentation of a primary beam of 7°Zn3"* ions at 345 MeV/u was adopted to
create very neutron-rich N = 34 isotones; the BigRIPS separator [14] was employed to create a
secondary beam that was optimized for the transmission of >Sc. It is noted that °Ti also fell
within the acceptance of the spectrometer. The secondary beam was focused on a 10-mm-thick
Be reaction target located at the F8 focal plane, and reaction products were identified by the Ze-
roDegree spectrometer [14] operating in the large-acceptance mode and tuned for the transmission
of *Ca. Examples of particle identification plots for BigRIPS and ZeroDegree are available in
Refs. [2], [12], and [15]. The Be target was placed within the DALI2 7y-ray detector array [16],
which consisted of 186 large-volume Nal(Tl) detectors, to measure Y radiation emitted from nu-
clear excited states populated by the reactions. The typical primary beam intensity was ~ 60 pnA,
and the rates of >>Sc and >°Ti delivered to the F8 target area were ~ 12 and 125 particles per second
per pnA of primary beam, respectively. Data acquisition was triggered by the arrival of an ion at
the F11 focal plane in coincidence with at least one y ray in DALI2; data were collected in this way
for a total of approximately 40 hours.
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Figure 1: Schematic layout of the RIKEN RIBF facility. The DALI2 y-ray detector array, which was located
at the F8 target position throughout the experiment, is displayed in the top right-hand corner.

3. Results and discussion

3.1 In-beam 7y-ray spectroscopy of >*Ca

Excited states in >*Ca were measured for the first time using Be(>’Sc, **Ca+y) and Be(*®Ti,
>4Ca+7) proton-removal reactions. The Doppler-corrected y-ray energy spectrum, which is dis-
played in Fig. 4(a) of Ref. [2], indicates that the 2] state in >*Ca lies at an energy of 2,043 keV,
which is lower, but comparable to the value in 3>Ca [3, 4]. Given the fact that E (2]) for (Ca is
enhanced relative to other Ca isotopes, such as *°Ca, as well as E(2]) values in other N = 34 iso-
tones, a new subshell closure in >*Ca is proposed. In order to make a more quantitative statement
on the matter, large-scale shell-model calculations were performed using the GXPF1Br effective
interaction [2]. The calculations indicate that, firstly, the 2T state in >*Ca can be understood primar-
ily as a neutron particle-hole excitation across the N = 34 subshell closure (Vf5,, ® fo/lz), and,
secondly, the magnitude of the N = 34 subshell closure in calcium isotopes (Vpj ,—V f5, effective
single-particle energy gap) is similar to that of the N = 32 subshell gap (Vp3,,—Vpj, effective
single-particle energy gap). In fact, despite the lower E(2]) value in >*Ca relative to 7>Ca, the
calculations suggest that both subshell closures are ~ 2.5 MeV in magnitude.

3.2 In-beam 7y-ray spectroscopy of >*Sc, >>Sc, and **Sc

Thus, a sizable subshell closure exists in *Ca that disappears with two protons occupying the
T f72 orbital (Ti isotopes); it is, therefore, natural to investigate the situation intermediate to these
cases—the Sc isotopes—which contain only one proton in the 7 f7/, orbital. This provides further
insight on the evolution of the neutron v f5; state in exotic nuclei.

The 7y-ray energy spectra for >Sc deduced in the present work for the *Be(*>Sc, >>Sc+¥) and
9Be(°°Ti, >Sc+7) reactions are presented in Figs. 2(a) and 2(b), respectively. No results on excited
states in >>Sc were reported prior to the present experiment. In the case of the inelastic scattering
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Figure 2: Doppler-corrected y-ray energy spectra for the (a) “Be(*>Sc, °Sc+7) inelastic scattering and (b)
9Be(*°Ti, *>Sc+¥) one-proton removal reactions deduced in the present work. Results are preliminary.

spectrum of Fig. 2(a), three y-ray peaks are located at 0.71(1), 1.54(2), and 3.24(4) MeV. However,
a larger number of peaks are present in the one-proton removal reaction of Fig. 2(b), which contains
a multiplet of at least five transitions within the energy range ~ 1.5-2.5 MeV, and an additional
peak at 0.58(1) MeV. (Note, however, that the peak at 3.24(4) MeV in Fig. 2(a) is not observed in
the one-proton removal spectrum.) Because the relative intensity of the 0.7-MeV line in Fig. 2(b)
is significantly larger than any of the other transitions in the spectrum, it is likely that this y ray
depopulates a state at 0.7 MeV and feeds the ground state directly; however, this proposed decay
scheme requires confirmation from Yy coincidence relationships in the future. By comparing the
suggested energy of this experimental level to predictions of the GXPF1Br effective interaction, it
is proposed that the 0.7-MeV level is the counterpart of the 3/2 shell-model state, which lies at
~ 600 keV. In the case of 3Sc, it was reported that the first 3/2~ level is part of a multiplet of
states that result from a 7 f; /2®52Ca(2f) configuration [17]. While the multiplet of levels in >3Sc
lies at an energy comparable to E (2;’) in 92Ca, indicating a rather robust N = 32 subshell closure,
the energy of the proposed first 3/2~ level in > Sc is significantly lower than the yrast 2% state in
>4Ca [2]. This suggests a rather rapid weakening of the N = 34 subshell closure, even with only
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Figure 3: Doppler-corrected y-ray energy spectra for the (a) *Be(**Sc, >*Sc+Y) one-neutron removal and (b)
9Be(3°Ti, >*Sc+7) proton-neutron removal reactions deduced in the present work. Results are preliminary.

one proton occupying the 7 f7, orbital.

The structures of *Sc and 6Sc were also investigated in the present work using a variety of
reactions including nucleon removal and charge exchange. Spectroscopy of *Sc was performed
using *Be(®>Sc, *Sc+¥) one-neutron removal and *Be(°°Ti, *Sc+7) proton-neutron removal reac-
tions, which are presented in Figs. 3(a) and 3(b), respectively. Two levels in *Sc were previously
identified in decay studies [17, 18, 19]: One (1) level at 247 keV, and a (4,5") isomeric state at
110 keV. The present study was not sensitive to these transitions owing to DALI2 detector thresh-
old settings. The two spectra displayed in Fig. 3 contain the same energy transitions as each other,
albeit with different relative intensities, up to ~ 2 MeV; however, the spectrum of Fig. 3(b) contains
several additional y-ray peaks up to ~ 3.5 MeV. The *Sc level scheme is currently in progress and
is, therefore, not provided here.

In the case of *%Sc, respective (2)* and (3)" levels at 587 and 727 keV were previously
reported, in addition to a (4)™ isomeric state (7} /2 =290+30 ns) at 775 keV [17, 18]. A longer-
lived, B-decaying isomer (T}, = 754 6 ms) with spin-parity values of (5,6)* [17] also exists in
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Figure 4: Doppler-corrected y-ray energy spectra for the (a) Be(>’Ti, *°Sc+y) one-proton removal and (b)
9Be(3°Ti, *%Sc+7) charge-exchange reactions deduced in the present work. Results are preliminary.

36Sc, although the energy of that state is currently unknown. Several low-energy transitions were
also reported in Refs. [17, 18], specifically at 48, 140, and 188 keV, although the present experi-
ment was not sensitive to those y rays owing to DALI2 threshold settings. The structure of >*Sc
was investigated in the current study using *Be(*’Ti, **Sc+7) one-proton removal and *Be(°Ti,
%6Sc+7) charge-exchange reactions, which are displayed in Figs. 4(a) and 4(b), respectively. The
two lowest-energy transitions observed in the two spectra are consistent in energy, and they likely
correspond to the vy rays reported at 587 and 727 keV in the earlier decay studies [17, 18]. The
multiplet of transitions observed in Fig. 4(b) in the energy range ~ 1.0-2.5 MeV, which are not
present in the spectrum of Fig. 4(a), must depopulate states at higher energies than those previ-

ously reported [17, 18], although the details of the level scheme cannot be provided at the present
time.
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4. Summary

The structures of >*Sc, 3°Sc, and “°Sc were investigated using the technique of in-beam y-ray
spectroscopy with a variety of reactions including nucleon removal, charge exchange, and inelastic
scattering at the RIKEN Radioactive Isotope Beam Factory to shed further light on the develop-
ment of the N = 34 subshell closure approaching Z = 20. The low-lying structure of the N = 34
isotope (°>>Sc) indicates a probable 3/ 2 state at 0.7 MeV, which lies well below the energy of the
first 2% level in >*Ca, suggesting a rapid weakening of the N = 34 subshell gap even with only
one proton occupying the 7 f7/, orbital. This situation differs to that previously reported [17] for
33Sc and 3%Ca, where the respective 3/ 2, and 2] states lie at comparable energies, highlighting
the robust nature of the N = 32 subshell closure. The y-ray energy spectra deduced for *Sc and
36S¢ contribute additional information to the structures of these isotopes reported in previous de-
cay studies [17, 18, 19], although the details of the extended level schemes cannot be provided here.
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