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The structure of the neutron-rich nucleus 58 Ti was investigated via proton inelastic scattering in inverse
kinematics at a mean energy of 42.0 MeV/nucleon. By measuring the deexcitation γ rays, three transitions
with the energies of 1046(11) keV, 1376(18) keV, and 1835(27) keV were identified. The angle-integrated cross
section for the 1046-keV excitation, which corresponds to the decay from the first 2+ state, was determined to
be 13(7) mb. The deformation length δp,p was extracted from the cross section to be 0.83+0.22
−0.30 fm. The energy
of the first 2+ state and the δp,p value are comparable to the ones of 56 Ti, which indicates that the collectivity of
the Ti isotopes does not increase significantly with neutron number until N = 36. This fact indicates that 58 Ti is
outside of the region of the deformation known in the neutron-rich nuclei around N = 40.
DOI: 10.1103/PhysRevC.88.024326

PACS number(s): 21.10.−k, 27.50.+e, 25.60.−t, 25.40.Ep

I. INTRODUCTION

The shell structure as the basis of our understanding of the
atomic nucleus has recently been found to change drastically
due to the rearrangement of the single particle levels as
one moves away from the stability line. In unstable nuclei
with very asymmetric proton and neutron numbers, various
exotic properties have been revealed such as the anomalous
deformation emerging in the very neutron-rich regions around
N = 8 [1–3] and 20 [4,5]. These neutron numbers, which
are considered to be magic in the traditional nuclear theory,
lose the magicity in the neutron-rich region, and the nuclei
with these neutron numbers become accordingly deformed. In
order to account for such anomalous deformation phenomena,
several theoretical models have been proposed, although the
mechanism is still unclear. The new region of deformation
recently found in the neutron-rich pf -shell region around
N = 40 [6,7] may provide us a clue to clarify the mechanism.
N = 40 is a magic number for a harmonic oscillator
potential, but its energy gap is narrowed by the intruder
g9/2 orbital lowered by the spin-orbit interaction. Because
of the fragile energy gap, the nuclei with N = 40 exhibit
a variety of characters depending on the proton number.
For the Ni isotopes with a proton magic number Z = 28,
68
Ni shows small collectivity reflecting the magic character
of N = 40 as indicated by its large value of the energy
of the first 2+ excited state [Ex (2+
1 )] and small value of
quadrupole transition probability [B(E2)] [8,9]. However, in
0556-2813/2013/88(2)/024326(5)

Fe isotopes (Z = 26), the Ex (2+
1 ) values start decreasing at
N = 38, and this decrease continues monotonically beyond
N = 40 [10,11]. This indicates that N = 40 does not exhibit
a magic character in Fe anymore [12,13]. In the Cr isotopes
(Z = 24), the enhancement of the collectivity is seen already
in the nuclei with N = 36, where the Ex (2+
1 ) values drop
much below the typical value of the open neutron-shell nuclei
along the Cr isotopic chain [7,14]. The decrease continues
until 64 Cr, in which Ex (2+
1 ) value shows the smallest among
the known Ex (2+
)
values
in
this region [15]. The enhancement
1
of collectivity toward N = 40 in the Cr isotopes was confirmed
by the rapid increase of deformation lengths (δ) and the
+
Ex (4+
1 )/Ex (21 ) ratios (R4/2 ) [14,16]. A question arises as to
whether the anomalous deformation region found in Fe and Cr
isotopes further develops in more proton-deficient isotopes, in
particular Ti.
Theoretically, a deformation region is predicted to appear
around 62 Ti [6]. Indeed, the enhancement of collectivity
has been suggested for the Ti isotopes in this region from
their β-decay half-lives. Approaching N = 40 from 58 Ti to
60
Ti, the β-decay half-lives become gradually longer than
the shell model calculation within the pf shell, which is
interpreted as being due to the admixture of the neutron
νg9/2 configuration [17]. Considering the deformation-driving
nature of the νg9/2 orbital, the increase of the νg9/2 contribution
would enhance the collectivity. To locate the boundary of the
anomalous deformation region in the Ti isotopes, the study of
the collectivity of Ti isotopes is of great importance.
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We have investigated the properties of 58 Ti, through the
low-lying states including the first 2+ state, whose preliminary
result was partially reported in Ref. [18]. We utilized the
proton inelastic scattering in inverse kinematics to populate
these states, which enables us to extract the δ value as well as
the excitation energies. These two quantities [δ and Ex (2+
1 )] are
essential for the discussion of the quadrupole collectivity. This
measurement was possible even with a low-intensity beam
due to the high efficiency and high signal-to-noise ratio of the
measurement achieved by the use of the γ -ray spectroscopy
technique incorporating a thick liquid-hydrogen target. In this
paper, we report on the δ value and two new γ transitions as
well as the Ex (2+
1 ) value.

II. EXPERIMENT

The experiment was performed at RI Beam Factory operated by the RIKEN Nishina Center and Center for Nuclear
Study, University of Tokyo, using the same experimental
arrangement described in Ref. [14]. A cocktail beam composed
of several nuclear species including 58 Ti was produced by the
fragmentation reaction of a 70 Zn primary beam with a typical
intensity of 150 p nA impinging on a 96-mg/cm2 (0.52-mm)
Be target at 63 MeV/nucleon. The fragments produced were
collected and analyzed by the RIKEN projectile-fragment
separator (RIPS) [19]. The particle identification (PID) of
the cocktail beam was made on an event-by-event basis. The
average intensity of 58 Ti was 1.5 counts/s, while the total beam
intensity was 1 × 103 counts/s.
A 72-mg/cm2 thick liquid-hydrogen produced by the
“cryogenic proton and alpha target system” (CRYPTA) [20]
was bombarded by the secondary beam inducing excitation of
58
Ti via proton inelastic scattering. The energy of 58 Ti at the
center of the secondary target was 42.0 MeV/nucleon.
The levels populated by the secondary reactions were
identified by measuring the deexcitation γ rays in coincidence
with the reaction residues. The γ rays were measured by
DALI2 [21], which consisted of 160 NaI(Tl) scintillators
surrounding the secondary target. The γ -ray energies were
corrected for the Doppler shift using the angle between the
scattered particle and the triggered crystal. The spectral shape
and efficiency of γ rays were obtained by a Monte Carlo
simulation using the GEANT code [22]. The energy resolution
and full-energy peak efficiency for 1046-keV γ rays emitted
from a moving 58 Ti projectile were determined to be 8.5%
(FWHM) and 18%, respectively.
The scattered particles were identified using the “TOF
mass analyzer for RI beam experiments” (TOMBEE) [23]
by measuring their TOF, E, and total kinetic energy (E).
The atomic number Z and the mass number A were obtained
from the TOF-E and TOF-E correlations with resolutions
of 1.5% and 1.2% (FWHM), respectively. The good mass
resolution of 1.2% enabled the unambiguous identification
of the reaction residues in the medium-mass region around
A ∼ 60. The transmission of TOMBEE was evaluated by
the ion optics code COSY INFINITY [24] to be about 90% at
0 degrees, decreasing with the scattering angle to 50% at
2 degrees. The total transmission integrated over the scattering

angle is 88% for nonreacted events and 87% for inelastically
scattered events.
III. RESULTS

The Doppler-shift corrected energy spectrum of γ rays
measured in coincidence with inelastically scattered 58 Ti is
shown in Fig. 1(a). Three peaks at 1046(11) keV, 1376(18) keV,
and 1835(27) keV were clearly identified. The quoted errors
include the statistical ones and uncertainties in the energy
calibration. The energy of the 1046-keV peak is consistent
with our earlier report [1046(17) keV] [18], while the error is
reduced. The 1046-keV peak was observed most strongly, and
was thus assigned to the transition from a newly identified first
2+ state to the 0+ -ground state.
In the γ -ray spectrum gated on the 1046-keV peak shown
in Fig. 1(c), the γ line at 1835 keV is observed. This
transition was therefore assigned to be the one from a level
at 2881(33) keV to the first 2+ state as illustrated in Fig. 2.
In the region around 1376 keV, two events are observed,
which correspond most probably to the full-energy peak
of the 1376-keV γ rays observed in coincidence with the
+
2+
1 → 0g.s. transition. It is less likely that these events are due
to coincidence with the Compton scattering of the 1835-keV γ
rays, since the probability of observing more than two events
due to such a process is estimated to be 18%.
The angle-integrated cross section for the direct excitation
to the first 2+ state in 58 Ti was obtained from the peak yield of

FIG. 1. (Color online) (a) Doppler-shift corrected γ -ray energy
spectrum for the proton inelastic scattering on 58 Ti. (b) The histogram
is of the M = 1 events. (c) γ -ray spectrum gated on the 1046-keV γ
line.
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FIG. 2. Level scheme of 58 Ti proposed in this work.

+
the 2+
1 → 0g.s. transition with the γ -ray multiplicity equal to
1 (denoted M = 1 hereafter) as shown in Fig. 1(b). The peak
yield was extracted by fitting the spectrum with the sum (solid
+
curve) of the response function of DALI2 for the 2+
1 → 0g.s.
transition (dashed curve) and an exponential background
(dotted curve). The condition of M = 1 was intended to
+
eliminate the 2+
1 → 0g.s. transitions which is accompanied by
cascade emission of γ rays from higher excited states. Because
of the high total detection efficiency of γ rays (∼70%), most
of the cascade events were eliminated by this condition. The
contamination by the cascade events in the M = 1 spectrum
was estimated to be 22% by the Monte Carlo simulation and
was corrected for. It was found that the contributions of the
direct excitation to the first 2+ state amount to 34(16)% of the
+
observed 2+
1 → 0g.s. transition.
The first 2+ excitation cross section was determined to be
13(7) mb, after correcting for the transmission and the γ -ray
detection efficiency. The quoted error includes the statistical
one (31%), and the uncertainties in the target thickness
(5%), the γ -ray detection efficiency (4%), and the cascade
subtraction (16%).
In order to extract the deformation length δp,p , the calculations based on the distorted-wave theory were performed using
the ECIS97 code [25]. The collective vibrational model was
adopted with four sets of optical potential parameters [26–29].
The average for δp,p is 0.83+0.22
−0.30 fm. The error includes the
uncertainty of the experimental cross section and the one due to
the choice of the potential parameters (4%). The corresponding
deformation parameter β2 (=δp,p /R) is 0.18+0.05
−0.06 using the
nuclear radii given by R = r0 A1/3 (r0 = 1.2 fm).

IV. DISCUSSION
58
The Ex (2+
1 ) value of Ti obtained in this work is compared

with those of the lighter even-even Ti isotopes in Fig. 3(a)
58
Ti is slightly smaller than
(circles). The Ex (2+
1 ) value of
56
that of Ti, but is not significantly smaller than those of the
lighter open-neutron-shell Ti isotopes. This indicates that the
collectivity is not particularly enhanced in 58 Ti with N = 36.
Therefore, 58 Ti is outside of the region of large collectivity
known in the Fe and Cr isotopes close to N = 40. The
region of large collectivity emerges in the Fe isotopes from

FIG. 3. (Color online) (a) Plot of the excitation energies of the
first 2+ states as a function of the neutron number for the Ti (circles),
Cr (triangles), and Fe (squares) isotopes. The filled circle is the result
from the present work. Solid, dashed, and dotted lines are the results
of the shell model calculation within the pf shell using the GXPF1A
interaction for Ti, Cr, and Fe isotopes, respectively [30–32]. (b) Plot
of δp,p for the Ti isotopes as a function of the neutron number. The
filled circle is the result from the present work; open circles are those
of the stable Ti isotopes taken from Ref. [29]. Triangles show δC
estimated from the B(E2) values.

N = 38 [Fig. 3(a) (squares)], and then develops further in the
Cr isotopes [Fig. 3(a) (triangles)] in a wider region starting
from N = 36. Our finding shows that the region of large
collectivity is not extended to the Ti isotopes at N = 36 as
in the Cr isotopes. The slight decrease of the Ex (2+
1 ) value
in 58 Ti could be a precursor of the drop in more neutron-rich
isotopes due to a possible enhancement of collectivity.
The experimental values were compared with the results
of the shell model calculation within the pf shell using the
GXPF1A interaction [30–32] in Fig. 3(a). In the Ti isotopes,
the Ex (2+
1 ) values obtained with the calculation show an overall
agreement with the experimental values including the one for
58
Ti. For the neighboring isotopes, the calculation deviates
from the experimental Ex (2+
1 ) values beyond N = 38 in the
Fe isotopes and beyond 36 in the Cr isotopes. In this region,
the experimental values start decreasing, while the theoretical
values remain almost constant and then increase at N = 40.
The deviation in Fe and Cr isotopes indicates that the pf -shell
model space is not sufficient to describe these nuclei, and that
the contribution of the g9/2 -shell configuration has to be considered [14,33]. The good agreement between the experimental
58
and theoretical Ex (2+
Ti demonstrates that the
1 ) values in
contribution of the g9/2 shell is not significant in this nucleus.
The δp,p value of 58 Ti is plotted in Fig. 3(b) (filled circle)
along with the ones for the stable Ti isotopes, 46,48,50 Ti
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(open circles). The triangles show the Coulomb deformation
lengths (δC ) deduced from B(E2). Both values are measures
of the nuclear deformation; δp,p reflects proton and neutron
distribution, while δC reflects proton distribution. We assume
that δp,p and δC are similar to each other, and use the both
values to trace the evolution of the collectivity. The δ value of
58
Ti is about the same as that of 56 Ti within the experimental
error. This agreement is consistent with the conclusion drawn
from the Ex (2+
1 ) values that the collectivity does not increase
significantly at 58 Ti.
The behavior of the collectivity in the nuclei in this
region could be qualitatively understood as the result of
competition between the following two effects. One is that
the valence protons partially fill the πf7/2 shell, which favors
deformation [34]. The other is narrowing of the energy spacing
at N = 40 between νf5/2 and νg9/2 by the strong protonneutron interaction [7,30–32]. The monopole component of
the proton-neutron interaction is attractive between πf7/2 and
νf5/2 , and repulsive between πf7/2 and νg9/2 . When protons
are removed from the πf7/2 orbital, νf5/2 is shifted upward
and νg9/2 is shifted downward, resulting in the narrowing
of the energy spacing between νf5/2 and νg9/2 . The latter
effect should increase monotonically as number of protons in
πf7/2 decreases from Ni down to Ca. On the other hand, the
former effect should increase in the beginning, but would start
decreasing beyond the Cr isotopes in which half of the πf7/2
shell is filled. The experimental Ex (2+ ) values along the N =
36 isotonic chain shows that the collectivity increases from
64
Ni to 60 Cr, and then decreases in 58 Ti. This behavior suggests
that the former effect is stronger than the latter in the N = 36
isotones. Approaching N = 40, the balance between these two
effects may change. The mechanism of the deformation in the
neutron-rich pf -shell nuclei should be revealed by studying
the evolution of the collectivity in a wider region of nuclei.
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By measuring the deexcitation γ rays, three transitions with
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determined to be 13(7) mb. The deformation length δp,p was
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extracted from the cross section to be 0.83+0.22
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