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Proton removal and lifetimes in the Ca isotopes: Spectroscopy and
reaction studies
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Nucleon knockout reactions are an essential and
powerful tool to study the single-particle structure of
nuclei far from stability. Through comparison of mea-
sured (σexp) and theoretical (σth) inclusive and exclu-
sive cross-sections they provide a method to assign spe-
cific single-particle configurations and occupancies of
states in nuclei. However, the theoretical description
of knockout reactions is challenging, requiring both a
treatment of the reaction dynamics and the nuclear
structure of initial and final states.

The ratio R = σexp/σth has been found, in stable
nuclei and specifically for (e, e′p) and single-nucleon
transfer reactions1,2) to be consistently less than 1
(R ∼ 0.6), a reduction attributed to short and long-
range correlations not captured in the shell-model.
However, moving away from β-stability, a study by
Tostevin and Gade3) using available one-nucleon re-
moval data on unstable isotopes performed at inter-
mediate energies (∼100 MeV/nucleon) shows a depen-
dence of R on the difference in the proton and neu-
tron separation energies of the initial system. This
dependence is in contrast to both transfer reaction
data taken at lower energies and to new data reported
recently by the R3B collaboration4) and RIBF5) for
quasi-free one-proton knockout at higher energies.

Given the important implications of disentangling
the reaction and structure effects related to the origin
of the ∆S dependence of R observed in knockout re-
actions, we have performed an experiment to directly
explore the isospin dependence of proton knockout on
both C and H targets at RIBF energies. In addition to
the reaction cross-sections, we were also able to take
advantage of the opportunity presented by the HiCARI
high-resolution γ-ray array6) at RIBF to simultane-
ously explore lifetimes in the neutron-rich Ca isotopes,
which provide an important testing ground for inter-
actions derived from chiral Effective Field Theory and
many-body methods.

The experiment was performed in December 2020 at
the RIBF as part of the HiCARI campaign. A 70Zn
primary beam was accelerated to 345 MeV/nucleon
and fragmented on a 9Be primary target to produce
secondary beams centered on 38, 48, 54Ca. Fragments
were separated and identified within BigRIPS using
the standard ∆E-TOF-∆E method. The secondary
beam impinged on 1 g/cm2 thick C and 1.2 g/cm2

thick CH2 targets at the F8 focal plane, which induced
knockout reactions. The reaction residues were identi-
fied in the ZeroDegree spectrometer. The preliminary
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Fig. 1. (Top) Particle identification plot for incoming beam
particles in BigRIPS for the setting of 54Ca. (Bottom)
Reaction residue particle identification in the ZeroDe-
gree spectrometer, gated on incoming 54Ca particles.

particle identification plots for the setting on 54Ca are
shown in Fig. 1. De-excitation γ-rays were detected
within the HiCARI array.

Currently, the proton removal inclusive and exclu-
sive cross-sections from 38, 48, 54Ca to final states in
37, 47, 53K are under analysis. In addition, γ-ray spectra
in the most neutron-rich Ca isotopes, namely 53, 54Ca
are being carefully analyzed. Preliminary energy spec-
tra show evidence for lifetimes within the sensitivity
range for line-shape analysis, which will be pursued in
the next stages of analysis.
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Evolution of collectivity in Ti isotopes towards the N = 40 island of
inversion

T. Koiwai∗1,∗2 and K. Wimmer∗3,∗2 for the RIBF142R1 Collaboration

Over the past decade, significant efforts on both the
experimental and theoretical fronts have focused on
the development of nuclear collectivity in exotic iso-
topes around N = 40. It was revealed that the new
island of inversion, where the intruder configuration is
strongly favored in the ground state, at N = 40 is cen-
tered around 64Cr.1,2) It is then interesting to question
whether this enhanced collectivity established in the
region around the Fe and Cr isotopes presents itself in
exotic systems with fewer protons, namely, Ti isotopes.
Several theoretical calculations2–6) show the difference
in the reduced transition rates, B(E2; 0+ → 2+) val-
ues, for neutron-rich Ti isotopes beyond 56Ti when
considering different model spaces. Although the ener-
gies for the first 2+ state are consistent and agree with
experimental data, the B(E2) values differ, depending
on whether the gd shell is included in the calculations.
This suggests that the boundary of the island of in-
version is located between 56Ti and 58Ti. To answer
these questions, the Coulomb excitation of 56, 58Ti was
measured.

The experiment was conducted at the RIBF as a
part of the HiCARI campaign. A 70Zn primary beam
with a maximum intensity of 600 particle nA was ac-
celerated to 345 MeV/nucleon and impinged on a 11-
mm-thick 9Be primary target to produce a secondary
beam for 56, 58Ti. The beam fragments were sepa-
rated and identified by the BigRIPS using the standard
∆E−TOF−Bρ method. The secondary beam im-
pinged on a 1-mm-thick Au target to induce a Coulomb
excitation reaction. A 3-mm-thick Be target was also
used to determine the nuclear contribution to the ex-
citation. The reaction residuals were identified by the
ZeroDegree spectrometer. De-excitation γ rays were
detected by the HiCARI array7) at the F8 focal plane.
The preliminary particle identification plots are shown
in Fig. 1. Tails will be removed by further analysis.

Currently, the data are under analysis. The prelim-
inary Doppler-corrected energy spectra show the clear
transition peaks at known energies of the first 2+ state
in both 56, 58Ti. Moreover, candidates of peaks are
found in coincidence with the one-neutron knockout
channel from 56, 58Ti, which will reveal the configura-
tion of the ground-state wave function of these nuclei.
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Fig. 1. Particle identification plots for both the incoming
beam and outgoing residuals. The top panel shows the
56Ti setting and the bottom the 58Ti setting.
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