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Shell evolution
Island of Inversion

1. Introduction

The study of nuclei far off stability in regions that have not yet
been explored - and in particular its description in terms of nu-
clear shell structure - is fundamental in order to obtain predictive
capabilities and to be able to understand the relevant characteris-
tics of such nuclei. Due to enormous computational advancements
in the recent years and the development of new interactions, the
shell model is now able to predict the structure of nuclei far from
closed shells. One example of this are the neutron-rich N =40 nu-
clei below %8Ni (Z = 28). Although the energy and the B(E2) value
of the first 2] state of 58Ni suggest a shell closure, the neutron
separation energies show a smooth trend across N =40 [1]. By
removing a few protons, a rapid increase of collectivity has been
observed in the Fe and Cr isotopes, suggesting a weakening of the
N =40 sub-shell closure [2,3].

This collective behavior is caused by quadrupole correlations
which energetically favor the deformed intruder states involving
the neutron 1g9/> and 2ds,, orbitals and proton excitations across
the Z = 28 sub-shell gap. Moreover, the imbalance between pro-
tons and neutrons modifies the shell structure in this region. These
changes in the intrinsic shell structure are of fundamental interest
for testing the validity of modern interactions and their predic-
tive power farther from stability. The subtle interplay between
such shell-evolution mechanisms provokes the modification of the
magic numbers and gives rise to new regions of deformation and
shape coexistence phenomena. Previous studies indicate 54Cr is the
center of a new region of prolate deformation. As in the case of
32Mg at N =20, shape coexistence should be expected in this re-
gion [4].

The region of neutron-rich nuclei around N =40 is also char-
acterized by the occurrence of long-lived excited states in these
nuclei. The large difference in angular momentum between the
v2p1s2, 1fs5,2 and 2dsj3, 189/ orbitals around the Fermi surface
in N ~ 40 nuclei leads to the occurrence of isomeric states. These
isomeric states are well established along the Ni and Fe isotopic
chains [5-7]. Farther below in the Cr and Ti isotopes, such isomers
should also exist. In >Ti an isomeric state with a half-life of 590 ns
was discovered [8]. Based on Weisskopf estimates, an E2 transi-
tion connecting the 5/27 and 1/2~ states was proposed. A positive
parity isomeric state based on the vgg,, intruder configuration is
also expected. The location of such pure configurations in the most
neutron-rich nuclei is paramount to test the predictions of shell
model calculations for the most exotic N = 40 nuclei 9Ca and °K
which are still beyond the reach of presently available radioactive
beam facilities for spectroscopic studies. First experimental hints
have been obtained from the first spectroscopy of °Ti [9] and the
discovery of particle-bound %°Ca [10].

In this letter, we present a search for new isomers in >°Ti and
report on the first spectroscopic study of 6!Ti. The experimental
results are interpreted in terms of neutron holes for the N = 39
nuclei and as excitations across the weak N = 40 sub-shell closure.
The excitation energies of these simple configurations provide di-
rect insight in the structure, in an even more interesting and direct
way than from the spectroscopy of the neighboring even-even nu-
clei.

2. Experimental setup

The experiment was performed at Radioactive Isotope Beam
Factory (RIBF), operated by RIKEN Nishina Center and CNS, Uni-
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Fig. 1. Particle identification plot for (top) the 5°Ti setting, (bottom) the %4V set-
ting. The mass to charge ratio A/q and the nuclear charge Z are determined from
the magnetic rigidity, time-of-flight, and energy loss of particles in BigRIPS. Ellipses
mark the 56T isotopes.

versity of Tokyo. A wide range of exotic neutron-rich nuclei were
produced by fragmentation of a 233U at 345 AMeV on a Be pri-
mary target (thickness 4 mm) at the entrance of the BigRIPS frag-
ment separator [11]. An average primary beam intensity of 23 pnA
was achieved. In order to purify the beam, two wedge-shaped
degraders with central thickness of 6 and 2.5 mm were located
at the dispersive F1 and F5 focal planes of BigRIPS. Fragments
were identified in Z and A/q by measuring the energy loss (AE),
time-of-flight (TOF), and the magnetic rigidity (Bp) in BigRIPS
(AE—TOF — Bp method) and then transported to the experimen-
tal setup at the final F11 focal point of the ZeroDegree spectrom-
eter. Data were taken in two settings, centered on %4V and 60Tj,
respectively. The particle identification plots are shown in Fig. 1.
The nuclei were then further degraded in energy and implanted in
the Advanced Implantation Detector Array (AIDA) [12]. The present
experimental results are part of a B-decay experiment whose re-
sults will be presented in a forthcoming publication [13]. Here, we
only concentrate on the decay of isomeric states, and thus AIDA
served as a passive stopper. The array was surrounded by the high-
purity Ge EUroball RIKEN Cluster Array (EURICA) [14], consisting of
84 Ge crystals with an efficiency of about 10% at 1332 keV. Data
were recorded independently by the BigRIPS, AIDA, and EURICA
data acquisition systems, and correlated off-line by means of their
synchronized time-stamps. This allowed for the analysis of short
(~ us lifetime) and long lived isomeric decays, as well as 8 de-
cays.
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Fig. 2. Isomeric y-rays detected within 10 ps after the implantation of >°Ti. The
inset shows the decay curve for the 108.5 keV transition. The spectrum is also com-
pared with 'V (red, scaled for the number of implanted ions), which does not
have an isomeric state, to show the neutron induced background around 700 keV.
No other isomeric transition besides the 108.5 keV line is observed within this time
window.

3. Experimental results
3.1. Isomeric decay of >°Ti

The isomeric decay of >°Ti was studied previously at RIBF [8].
In the present study, a factor of ~20 times more statistics was ob-
tained. The delayed coincidence y-ray energy spectrum is shown
in Fig. 2. One transition at 108.5(5) keV was observed. The life-
time of the isomer was obtained from a decay curve fit to the
y-ray detection time after the implantation. The resulting lifetime
is T =892(18) ns. This value is in agreement with the previous
measurement [8], but more precise due to the improved statistics.
No other delayed transition in *°Ti has been observed based on the
comparison with the neighboring isotopes. The background is well
reproduced by scaling the corresponding spectrum for 81V with no
known isomeric state for the number of implanted ions.

Previous S-decay experiments [15,16] suggested a spin and par-
ity of J™ =5/2~ for the ground state of *’Ti based on systematics
and comparison with shell model calculations using the GXPF1 in-
teraction [17]. These calculations predict the first excited state with
J™ =1/27 at 422 keV. Experimentally the first excited state is lo-
cated at 364 keV [16] and J™ =1/2~ was assigned. However, the
strong feeding of the excited state in the 8 decay of the J* =7/2~
ground state of >’Sc would suggest a reversed ordering. For *°Ti,
J™ = (5/27) was assigned to the ground state as well [8] based
on systematics, and (1/27) was proposed for the isomer. In the
present work, using a total conversion coefficient o = 0.249 [18],
the transition probability for an E2 transition with T =892(18) ns
amounts to B(E2) = 48.8(10) e2fm* or 3.58(7) W.u. Other as-
sumptions for the multipolarity result in unreasonable transition
probabilities. The excited state is assigned as J™ = (1/27), if the
ground state is 5/27. From the present experimental data, it can
not be excluded that the 108.5 keV E2 transition may originate
from the decay of positive parity 9/2% or 5/2% states. In the
63.65Fe nuclei the 9/2% states are B-decaying isomers, thus longer
correlation times (up to 10 ms) between the implantation of >°Ti
and subsequent detection of y rays were investigated. No other
isomeric transition was found, in particular none in coincidence
with the 108 keV transition. This indicates that the 108 keV tran-
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Fig. 3. Isomeric y-rays for S'Ti. The inset shows coincidences with the 125 keV
transition and the proposed level scheme.

sition is originating from the only y-decaying isomer in >°Ti and
that it is a ground-state transition. If isomeric, other states like the
positive parity 9/2% or 5/2% states could decay by B emission.
The B decay of >°Ti was investigated and the resulting lifetime is
in agreement with previous work [19] with only one B-decaying
state.

3.2. First spectroscopy of 1Ti

In 81Ti two delayed transitions at 125.0(5) and 575.1(5) keV
were observed. The y-ray energy spectrum is shown in Fig. 3.
y — y coincidences show that the two transitions originate from a
cascade decay of a level at 700 keV. Based on the intensity and the
lifetimes (see below) the existence of two isomeric states in ®'Ti
are suggested, both with approximately equal ratios in the beam
at the implantation position. The level at 700 keV decays to the
125 keV state by the 575 keV transition; however, indirect feeding
of the 125 keV state alone does not explain the number of counts
observed in the spectrum in Fig. 3. The full-energy peak detec-
tion efficiency of EURICA in the present configuration amounts to
A~ 12% at 575 keV and ~ 25% at 125 keV, while about four times
as many counts are observed in the 125 keV transition in Fig. 3.
To corroborate this assumption, the lifetimes of the two states
were determined in Fig. 4. Firstly, the lifetime of the 700 keV state
was determined by gating on the 575 keV transition. The result-
ing value of 510(100) ns was subsequently used in the Bateman
equation for the decay curve of the 125 keV state. The lifetime of
289(40) ns of the 125 keV state was found to be rather insensi-
tive to the value of the feeding lifetime. As in the case of °Ti, the
lifetime suggests an E2 transition with B(E2) = 81(10) e2fm* or
5.7(8) W.u. For the 575 keV transition, the only reasonable choice
of multipolarity is M2 with B(M2) = 2.3(5) u2fm? or 0.09(2) W.u.
The parity of the 700 keV state is thus positive. This fixes the spin
and parity of the 700 keV state to be J7 =9/2% and the one of
the lower isomer at 125 keV to be ™ =5/2~ (otherwise decay
to the ground state would be more probable). The ground state is
then assigned J™ = (1/27) based on the E2 transition. The sug-
gested level scheme is shown in the inset of Fig. 3.

This result also puts a constraint on the location of the 5/2%
state in ®1Ti. Assuming 1 W.u. for the transition of the 9/2% state
to the 5/2T state and a partial lifetime that is 10 times longer
than the t(M2; 9/2% — 5/27) measured here, such that the de-
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Fig. 4. Isomeric decay curves for 81 Ti. Time of the y-ray detection after the implan-
tation for the 575 keV (top) transition fitted with an exponential decay curve. The
125 keV transition is fed by this transition, and thus its decay curve (bottom) has
been fitted taking into account the lifetime of the feeding transition. The red line
shows the total decay curve, while dashed blue lines show the two components of
the Bateman equations.

cay is not observable, the 5/2F state can only be located 96 keV
below the 9/27 state or at any energy higher. For less conservative
assumptions, the limit is more stringent.

4. Discussion

The present data have been interpreted in the framework of
the large-scale shell model calculations using the LNPS interac-
tion [4]. The model space consists of the full pf shell for pro-
tons and the 1 fs/2, 2p3/2, 2p1/2, 1g9/2, and 2ds/; neutron orbitals
outside a “8Ca core. The results are shown in Fig. 5 in compar-
ison with the present data. Calculations with the same interac-
tion but limited to the full pf shell for both protons and neu-
trons, i.e. using a 4°Ca core and not allowing excitations to the
gd orbits, are denoted as LNPS-fp. The calculations for 6!Ti in
the large model space accurately reproduce the data. The ground
state is predicted to be J™ = 1/2~, with an excited first 5/2~
state at 185 keV. Using the effective charges e; = 1.31 and e, =
0.46 [20], the calculated transition probability for the decay to the
ground state is B(E2; 5/2~ — 1/27) =60 e*fm*, compatible with
81(10) e*fm* determined from the measured lifetime. The wave
functions are dominated by v(fp)~>(gd)* configurations. The clear
intruder dominance in the ground state shows that ®1Ti belongs to
the Island of Inversion. Regarding the positive parity states, the
lowest state is a 5/2% state at 591 keV, while the 9/2% state, ly-
ing just 47 keV above it, becomes isomeric. The calculations are
compatible with the data and therefore J™ = (1/27) is assigned
to the ground state, J™ = (5/27) to the first state at 125 keV, and
JT =(9/2%) to the 700-keV isomeric state in 6!Ti. A very differ-
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Fig. 5. Level schemes of 51=>Ti in comparison with large scale shell model calcu-
lations using the LNPS effective interaction. LNPS-fp denotes the LNPS interaction
with neutrons constrained to the full pf model space. See text for details.

ent level scheme is predicted if the model space is limited to the
pf shell as can be seen in right side of Fig. 5 (a). No isomers are
predicted in this case as the J™ =5/2~ ground state is connected
to any of the excited states by fast E2 or M1 transitions.

For °°Ti, in the large model space the spin of the ground state is
predicted to be JT =1/2~ (as for 61Ti), with a first J* =5/2~ ex-
cited state at 295 keV. The calculated B(E2; 5/27 — 1/27) value
is 14 e*fm*. The configuration of the wave function of the ground
state is dominated by two neutrons in the gd orbitals, which in-
dicates that °°Ti also belongs to the Island of Inversion around
N = 40. This is confirmed by the fact that in the pf model space,
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the level scheme shown in Fig. 5 (b) is incompatible with the
experimental findings. Based on the good agreement of the cal-
culations with the LNPS interaction with the data we propose to
assign J™ = (1/27) to the ground state and J™ = (5/27) to the
isomer in >°Ti. The first 9/27 state is predicted at 500 keV and the
5/27F state is located 230 keV above it at 730 keV. This suggests
a 9/2% isomeric state. Since it is located below the 5/2% state, it
can only decay via a M2 transition to the first excited state. Ex-
perimentally only one isomer has been observed in the present
work. However, as stated above, the possibility of another long-
lived state can not be ruled out. If the lifetime of such a state is
significantly shorter than the flight time through the separator, or
it is a y-decaying isomer with a lifetime longer than ~ 10 ms, or
if such an isomer was not populated in the fragmentation reaction,
it would not have been observed in the present experiment.

It is interesting to explore the evolution of the structure in the
lighter Ti isotopes to investigate the boundaries of the Island of In-
version along the isotopic chain. In >’Ti at N = 35, only two states
with suggested negative parity are known experimentally [16].
Originally the ground state had been assigned J™ =5/2~ with an
excited 1/2~ state based on comparison with the GXPF1 interac-
tion [17]. On the contrary, as shown in Fig. 5 (c), the calculations
with the LNPS interaction in both model spaces predict a ground
state with J™ = 1/2~ and a first excited 5/2~ state. This spin
sequence also agrees with the observed large feeding in the g de-
cay of the J™ =7/2~ ground state of >’Sc to the excited state at
364 keV in >’Ti. This suggests a change of the spin assignments
proposed in 5 (c). The ground state of 3’Ti is dominated in the
LNPS calculations by fp configurations, with marginal excitations
to the gd orbitals, which locates therefore N =35 37Ti outside the
N =40 Island of Inversion. Similar conclusions can be drawn for
Ti,

The success in describing the data for these heavy Ti isotopes is
encouraging for predictions above the N = 40 sub-shell closure. For
63T a similar spectrum as in 81Ti is expected with the 5/2~ state
at 76 keV excitation energy and the 3/2~ state at 140 keV, while
the 7/2~ remains higher in energy at 620 keV. The positive-parity
states suggest the occurrence of only one isomeric state in this
nucleus. At N =40 and removing two protons, %°Ca is predicted
to have ground, 2t and 4% yrast states with dominant 4p — 4h
neutron excitations into the 1g9/2 and 2ds,; orbits [4]. Looking at
the N =39 isotones from Ni to Ca, the calculations predict Op — Oh
excitations into the gd orbitals for the ground state of 7Ni, 2p —
2h for %Fe, and 4p — 4h for 83Cr, 61Ti and >°Ca. In determining
the collectivity and B(E2) values, the proton configurations play a
major role. As for the N =40 isotones [4], maximum collectivity is
obtained mid-shell for 53Cr, with a decreasing trend towards Z =
20.

In summary, first spectroscopic information of ®!Ti has been
obtained through isomeric spectroscopy. Two states were observed,
suggesting two isomeric states, a 9/27 state at 700 keV and a 5/2~
state at 125 keV. The lifetimes were measured and from compari-
son to Weisskopf estimates the transition multipolarities and thus

spin and parity assignments were made. Candidates for positive
parity states in °°Ti were not observed, but they might have been
out of the reach of the present experiment. The results suggest
that particle-hole excitations across the N =40 sub-shell closure
play a major role in the wave function of the low-lying states of
neutron-rich Ti isotopes. Both 3°Ti and ®'Ti belong to the Island of
Inversion around N = 40.
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