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Abstract

The level structures of 70Co and 70Ni, populated from the β decay of 70Fe, have been investigated using β-delayed
γ-ray spectroscopy following in-flight fission of a 238U beam. The experimental results are compared to Monte-Carlo
Shell-Model calculations including the p f + g9/2 + d5/2 orbitals. The strong population of a (1+) state at 274 keV
in 70Co is at variance with the expected excitation energy of ∼1 MeV from near spherical single-particle estimates.
This observation indicates a dominance of prolate-deformed intruder configurations in the low-lying levels, which
coexist with the normal near spherical states. It is shown that the β decay of the neutron-rich A=70 isobars from the
new island of inversion to the Z=28 closed-shell regime progresses in accordance with a newly reported type of shell
evolution, the so-called Type II, which involves many particle-hole excitations across energy gaps.
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In exotic nuclei, which have an increasingly unbal-
anced number of neutrons (N) and protons (Z), new
aspects, such as neutron-halo or skin structures [1, 2],
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magicity loss [3, 4, 5, 6], and new magic numbers [7, 8,
9, 10, 11, 12, 13] have been discovered. These findings
have provided pivotal information on single-particle en-
ergies and the resultant shell structure far from stabil-
ity, helping to better understand the role of the tensor,
spin-orbit, central, and three-body components of the
nucleon-nucleon interaction [14, 15].

The variation of the proton or neutron number is a
longstanding recognized cause of shell evolution, yet
particular particle-hole excitations in exotic nuclei have
shown to alter significantly the shell structure owing to
the monopole properties of the central and tensor forces
[16, 17]. This is a new, almost unexplored microscopic
mechanism of shell evolution (called Type II) that is to
be distinguished from the better known shell evolution
due to varying neutron or proton number (called Type I)
[18, 19].

Shape-transitional phenomena are indicators of al-
terations in the normal-order configuration of protons
and neutrons. For exotic nuclei, they may prelude the
discovery of new nuclear regions in which the ground
states are dominated by deformed intruder configura-
tions, the so-called “islands of inversion” [20, 21, 22].
Similarly to the N = 20 deformation region in the vicin-
ity of 32Mg, the abrupt fall of the 2+1 state in the N = 40
isotones, from 2034 keV in 68Ni to 574 keV in 66Fe
and 430 keV in 64Cr [23], indicates an increase of col-
lectivity. The fact that these nuclei are well deformed
has been confirmed in a Coulomb excitation experiment
at intermediate energy [24]. Later systematic studies
of 2+1 and 4+1 states in 70Fe, 72Fe, and 66Cr have re-
vealed that the new island of inversion spreads beyond
N=40 [25, 26]. In this context, the discovery of new de-
formed structures in neighboring nuclei is important to
better model the deformation-driving forces approach-
ing the N = 50 shell closure.

Shape transitions can also take place with excitation
energy or angular momentum, leading to the coexis-
tence of different shapes within the same nucleus [27].
An exemplary case is 68Ni, which has a j- j (spin-orbit)
closed shell at Z = 28 and a L-S (harmonic-oscillator)
shell closure at N = 40. In this nucleus three 0+

states below 3 MeV are related to spherical, prolate, and
oblate shapes [18, 28, 29, 30]. In 70Ni, a second 0+ level
has recently been observed at a lower excitation energy
than in 68Ni [31], consistently with a prediction of a
deeper local minimum at prolate deformation [18]. In
fact, the advanced Monte Carlo Shell-Model (MCSM)
calculations [18] have indicated that a combined effect
of the proton-neutron tensor force and changes of major
configurations is crucial for driving and stabilizing the
shape coexistence in the neutron-rich Ni isotopes, as re-

ferred to as Type II shell evolution [19] in contrast to the
more conventional Type I shell evolution [11].

The present work exploits the selectivity inherent to
the β decay to populate spherical and deformed struc-
tures in the neutron-rich A = 70 isobars 70

27Co43 and
70
28Ni42. For 70Co, Mueller et al. [28] identified two
long-lived levels at low and high spins, both of which
decay to excited states in 70Ni. Here, the low-spin state
of 70Co is isolated in the β decay of 70

26Fe44, which was
previously reported to lie inside the N � 40 island of
inversion [26]. Selection rules of the β decay process
allow for the population of low-spin states in 70Co while
high spin isomeric states in 70Co could not be effec-
tively populated, as suggested by [28, 32]. Results are
compared to MCSM calculations, which predict the in-
version of the intruder prolate structure with the normal
near-spherical configuration in 70Co.

The experiment was performed at the Radioactive
Isotope Beam Factory (RIBF) in RIKEN, Japan. A 238U
primary beam at 345 MeV/nucleon, with an average in-
tensity of 10 pnA, collided onto a Be target of 3 mm
thickness. Fission fragments with A ∼ 70 were sepa-
rated and identified in flight in the BigRIPS spectrom-
eter through the ΔE-Bρ-TOF method [34], using posi-
tion, time, and energy-loss detectors at the focal planes
for the measurement of the mass-to-charge ratio A/Q
and the atomic number Z. The cocktail beam was im-
planted in the Wide-range Active Silicon Strip Stop-
per Array for Beta and ion detection (WAS3ABi) [35].
About 1.8 × 105 nuclei of 70Fe were registered in
WAS3ABi.

WAS3ABi consisted of a compact row of 5 highly
pixelated double-sided silicon strip detectors of dimen-
sions 60× 40× 1 mm3, with 2400 pixels of 1 mm2 pitch
each. The energy, position, and time of implanted nu-
clei and electrons were recorded in WAS3ABi. These
information were used offline to correlate them through
their positions and times. The β-decay half-lives of
the implanted nuclei and their decay successors were
determined from these correlations. Resulting values
(61.4(7) ms for 70Fe and 508(7) ms for the low-spin
β-decaying state of 70Ni) are in reasonable agreement
with previous measurements [28, 36, 37, 31]. En-
ergy and time of coincident γ rays were obtained with
the EURICA γ-ray spectrometer [38], made of 12 7-
element HPGe cluster detectors with an addback effi-
ciency of 11% at 662 keV. More details on the geome-
try of the setup and analysis procedure are published in
Refs. [25, 39, 40, 41].

The level structure of the decay successors was in-
vestigated through high-precision β-delayed γ spec-
troscopy. Correlation conditions consisted in defining
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Figure 1: (Color on line) Delayed γ spectra following β decay of 70Fe. The time intervals 0-320 ms (top) and 250-1500 ms (bottom) are selected
to enhance γ rays in 70Co and 70Ni, respectively. Transitions placed in the level schemes are labeled by their energies, unplaced γ rays are marked
by circles, and transitions assigned to the progenitor are indicated by asterisks. Long-living background components have been subtracted. Inset
panels: Parts of spectra zoomed in on energy regions where weak γ rays are observed.

the time interval (typically corresponding to five half-
life periods), the distance between implanted ions and
β electrons (defined as 3 mm based on electron mean-
path considerations) and establishing a coincidence time
window between β electrons and γ rays of 200 ns.

Figure 1 shows γ-ray energy spectra measured in de-
layed coincidence with β electrons registered within 0-
320 ms (top) and 250-1500 ms (bottom) after the im-
plantation of 70Fe ions. These two time windows are
selected to enhance the γ rays following the decays
70Fe→70Co and 70Co→70Ni, respectively. For 70Co,
only three γ transitions at 156, 164, and 273 keV were
previously reported [32, 37]. In the present work, a total
of 19 transitions have been placed in the level scheme of
70Co after analyzing their coincidence relations and en-
ergy matchings (see Fig. 2).

In the granddaughter nucleus 70Ni 17 transitions are
identified, about half of which are reported in Refs. [42,
31]. The level scheme of 70Ni is also shown in Fig. 2.
Transitions shown as dashed lines are placed in the level
scheme based only on energy-matching constraints but
not on γ-γ coincidence relations.

Apparent β feedings and calculated log f t values are
reported on the left side of the level schemes. They must
be considered as upper and lower limits, respectively,
due to possible missed feeding from higher-lying states.

In 70Co, the strong β feeding to the states at 274 and
1696 keV indicates the occurrence of allowed Gamow-
Teller transitions from the 0+ ground state of 70Fe.

Based on this, we tentatively assign them spin and par-
ity (1+). It is to note that the low-lying levels of 70Co
will have negative parity as a result of the coupling
of a single proton hole in the π f7/2 orbital to the un-
paired νg9/2 neutron, if these orbitals are well isolated
from the adjacent sub-shells with the presence of siz-
able spherical shell gaps at Z = 20, 28 and N = 40,
50. Meanwhile, the first spherical 1+ state will arise
from the π f7/2 ⊗ ν f5/2 multiplet. Its energy is expected
to be around 1 MeV based on the energy difference be-
tween the (9/2+) ground state and the (5/2−) level in
the N = 43 isotone 71Ni [43], which are interpreted in
terms of a single neutron in the g9/2 and f5/2 orbitals,
respectively.

For a deformed nucleus, the 2 j + 1 degeneracy of the
spherical orbitals is solved with respect to the projection
of the single-particle angular momentum j on the sym-
metry axis, Ω. The deformed single-particle levels are
labeled by the asymptotic quantum number Ωπ[NnzΛ]
in the Nilsson model [44]. In the odd-even isotopes
65Co38 and 67Co40, the respective lowest-lying (1/2−)
states at 1095 and 492 keV are ascribed to a downslop-
ing intruder 1/2−[321] proton orbit [45], indicating an
evolution of the nuclear shape towards prolate deforma-
tion. In the neighboring odd-odd isotopes, a low-lying
deformed 1+ state most likely involves a neutron in the
1/2−[301] orbit coupled to the aforementioned proton
intruder state [46, 47]. Thus, the observation of the
1+ state at 274 keV in 70Co provides evidence for the
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Figure 2: (Color on line) Experimental and calculated level schemes
of the decay 70Fe→70Co→70Ni. Arrow widths are proportional to
transition intensities. Transitions shown by dashed arrows are placed
based only on energy-matching constraints. Apparent β feedings (Iβ)
and logft values (calculated assuming the lowest-lying level as the
ground state) are shown. MCSM states predicted to be nearly spher-
ical or slightly prolate-deformed (β2 � 0.2) are indicated in solid
red, strongly prolate-deformed (β2 > 0.2) in dashed blue, and oblate-
deformed (β2 ∼ −0.13) in dotted-dashed green. Qβ values are taken
from [33].

existence of a deformed-shape configuration. Theoreti-
cally, this deformed low-lying 1+ state of 70Co is a con-
sequence of many particle-hole excitations across the
Z=28 and N=40 shell gaps induced by effect of Type
II shell evolution [19]. Conversely, it may not arise
in a simple single-particle picture based on a spherical
shape.

The experimental β-decay level schemes are inter-
preted with the help of the MCSM calculations based
on the A3DA Hamiltonian [49]. The model space in-
cludes the full p f shell and the 0g9/2, 1d5/2 orbitals for
both protons and neutrons. The calculated levels are
shown in Fig. 2. The results predict that the low-lying
states of 70Co, including a Jπ = 1+ level at 357 keV
and the ground state, are dominated by strongly prolate
configurations with deformation parameter β2 ∼ 0.27.
States characterized by small deformation, β2 ∼ 0.15,
appear at about 900 keV and above. The theoretical
B(GT; 0+ → 1+) and the corresponding log f t values,
evaluated as f t = 6147/[(gA/gV )2B(GT )] with coupling
constant ratio gA/gV = −1.266 [50], for the 70Fe→70Co
decay are listed in the first column of Table 1, while
those referring to the 70Co→70Ni are listed in the sec-
ond, third and fourth columns. The calculation indi-
cates an abundance of population of two excited 1+ lev-
els, along with a highly hindered β feeding to the de-
formed 1+ ground state. This prediction is consistent
with both the observed decay pattern to the states at 274
and 1696 keV, and the weak population of the low-spin
β-decaying state, which can be understood as the ground
state in the MCSM interpretation.

Figure 3 exhibits potential energy surface (PES) plots
for 70Fe and 70Co in terms of the quadrupole moments
Q0 and Q2 calculated by the constrained Hartree-Fock
(CHF) method for the current Hamiltonian. The loca-
tion and size of circles on the PESs represent the in-
trinsic shape of each MCSM basis state and its signif-
icance in the eigenstate being considered, respectively,
as called T-plot [18]. It can be seen in Fig. 3(a) that
for the 0+ ground state of 70Fe many circles are dis-
tributed in the local minimum of moderate prolate de-
formation with Q0 ∼ 150 fm2. For 70Co, the 1+1,2 states
in Figs. 3(b) and 3(c) exhibit almost identical distribu-
tion around Q0 = 175 fm2, while the circles of the 1+3
state in Fig. 3(d) spread on a shallow potential well at
Q0 ∼ 100 fm2. Thus, the degree of quadrupole defor-
mation of the 70Fe ground state is in between those for
the modestly deformed 1+3 and the largely deformed 1+1,2
states of 70Co.

The occupancies of protons and neutrons in the active
shell-model orbitals calculated for the three 1+ states
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Table 1: B(GT) (multiplied by a standard quenching factor of 0.742 [48]) and logft values calculated by the MCSM calculations for selected levels
in the β decay of 70Fe and 70Co. Jπp and Jπ

d
denote the spin and parity of the parent and daughter states, respectively.

70Fe→70Co 70Co→70Ni 70Co→70Ni 70Co→70Ni
Jπp Jπ

d
B(GT) log f t Jπp Jπ

d
B(GT) log f t Jπp Jπ

d
B(GT) log f t Jπp Jπ

d
B(GT) log f t

0+ 1+1 4 × 10−5 7.9 1+1 0+1 3 × 10−6 9.2 2+1 2+1 1 × 10−5 8.6 3+1 2+1 8 × 10−7 9.7
1+2 3.7 × 10−2 5.02 0+2 6 × 10−5 7.8 2+2 1.9 × 10−3 6.31 2+2 1 × 10−4 7.5
1+3 1.8 × 10−1 4.33 2+1 7 × 10−5 7.7 2+3 9 × 10−5 7.6 2+3 3 × 10−6 9.1

2+2 4.8 × 10−3 5.90 2+4 1.9 × 10−3 6.30 2+4 3 × 10−4 7.2
2+3 1 × 10−6 9.4 4+1 1 × 10−5 8.4
2+4 5.4 × 10−3 5.85 4+2 7.4 × 10−3 5.71

of 70Co are shown in the top panels of Fig. 4. The
configurations of the 1+1,2 states are found to be almost
identical, while the 1+3 state differs from the other two.
The wave function of the 1+3 state consists predomi-
nantly of the π f −1

7/2 ⊗ ν f −1
5/2g+4

9/2 component. Hence, the
apparent β feeding measured to the (1+) experimental
candidate at 1696 keV can be attributed to the allowed
Gamow-Teller transition ν f5/2 → π f7/2. On the con-
trary, the 1+1,2 states mainly involve proton excitations
from f7/2 to p3/2 and f5/2, and neutron excitations from
f5/2 and p1/2 to g9/2. Such multiple particle-hole excita-
tions across the Z = 28 and N = 40 shell gaps (Type II
shell evolution) drive the 1+1,2 states towards a strongly
prolate-deformed shape, leading to the enhancement of
shape coexistence [18, 19]. The observed energy differ-
ence between the near spherical (1+3 ) candidate and the
lowest-lying deformed state is larger than the MCSM
prediction by 800 keV. This difference may imply that
the isolated prolate local minimum is more stabilized
than expected by the model.

Despite very similar occupancies, there is a discrep-
ancy in β-decay strength between the 1+1 and 1+2 states
of 70Co (see the left column in Table 1). This can be
explained by decomposing the resultant B(GT ) into the
Gamow-Teller matrix elements M(GT ), as illustrated in
the bottom panels of Fig. 4: For the 1+1 state the main
(positive) νp1/2 → πp1/2 component is almost canceled
out by the other components, while the contribution
of the νp1/2 → πp3/2 transition remains predominant
for the 1+2 state. Furthermore, their nature can be un-
derstood based on the deformed single-particle orbitals
(DSO) that are obtained by the CHF calculation using
the MCSM Hamiltonian 1. For the energy minimum in
the PES of 70Co, the 27th proton is expected to occupy
the second lowest |Ωp| = 1/2− DSO in the model space.
This DSO is dominated by the spherical π f5/2 orbit
(∼ 70 %) rather than πp3/2. The downward trend of the

1The DSOs used in the current discussion are calculated for 70Fe.

|Ωp| = 1/2− DSO as the prolate deformation increases
is analogous to the π1/2−[321] orbital in the Nilsson di-
agram. Meanwhile, the 43rd neutron occupies the high-
est |Ωn| = 1/2− DSO, which is similar to the ν1/2−[301]
Nilsson orbit. The leading component (∼ 80 %) of this
DSO arises from the νp1/2 orbital. From these config-
urations, deformed bases (Slater determinants) are cre-
ated with |Ωp + Ωn| = 0+, 1+. It turns out that about
75 % of the original MCSM wave functions of the 1+1,2
states can be reproduced by a linear combination of the
angular momentum- and parity-projected (Jπ = 1+) de-
formed bases. As seen in Fig. 4, the M(GT) distribution
obtained for the (mixed) deformed bases resembles that
of the original MCSM calculation. Therefore, the two
prolate 1+ states at low excitation energy in 70Co can be
interpreted as a superposition of the |Ωp + Ωn| = 0+ and
1+ deformed bases.

The subsequent β decay to 70Ni is governed by the
large β feeding to the 2+1,2 states, pointing to a Jπ = 1+,
2+, or 3+ assignment for the long-lived state of 70Co.
According to the MCSM calculations, the 70Co→70Ni
decay would proceed via a strong transition to the (4+2 )
state at 2508 keV [42] if the β decay took place from
a deformed 3+1 level, see the right column in Table 1.
Since this is at variance with the present experimental
results, a Jπ = 3+ assignment is discarded. The calcu-
lated 1+1 and 2+1 levels of 70Co decay preferentially to the
2+2 and 2+4 states of 70Ni with small logft values, which
are comparable to logft = 5.76(7) and 6.13(8) observed
for the (2+2 ) and (2+4 ) states, respectively (see Fig. 2).
These arguments indicate that the T1/2 = 508 ms β-
decaying state of 70Co has a spin and parity of 1+ or
2+.

Experimentally, the (2+1 ) state is as strongly populated
as the (2+2 ) level. The MCSM calculations predict a near
spherical shape for the 0+1 and 2+1 levels of 70Ni, while
prolate-deformed configurations stabilized by effect of
Type II shell evolution dominate its 0+2 and 2+2,4 levels,
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Figure 3: (Color on line) Potential energy surface (PES) plots for (a)
the 0+ ground state of 70Fe and (b)-(d) the 1+ states of 70Co. See the
text for orange circles (T-plot).

and the low-lying states of 70Co. Thus, it is natural
that the (2+2 ) level shows a higher feeding ratio than the
(2+1 ) level. A more quantitative analysis, however, needs
more precise logft values, as they are obtained presently
from observed γ-ray intensities, indicating only lower
limits.

In 70Ni, four new excited states at about 6 MeV are
populated with log f t ∼ 5.7 from the low-spin state of
70Co. They preferentially feed the (2+2 ) state (see Fig. 2),
suggesting a similar deformed structure. These decay
patterns can be naively explained using the argument
based on the DSO. For Q0 � 200 fm2 corresponding
to the prolate local minimum in the PES of 70Ni (see
Fig. 3 in Ref. [18]), the highest |Ωp| = 1/2− and 3/2−
proton orbitals locate 6 − 7 MeV above the second low-
est |Ωp| = 1/2− orbit, which is included in the deformed
1+1 configuration in 70Co as discussed previously. Since
the major components of these DSOs are the πp1/2 (∼80
%) and πp3/2 (∼70 %) spherical orbitals, respectively, it
is expected that the |Ωn| = 1/2− neutron can transform
to them through strong Gamow-Teller transitions, giv-
ing rise to proton two-quasiparticle configurations with
Jπ = 0+, 1+, 2+ around 6 MeV.

In conclusion, the properties of the 70Fe→70Co→70Ni
decay chain are interpreted in terms of advanced MCSM
calculations. The results provide first evidence of
strongly prolate-deformed shapes for the low-lying lev-
els in 70Co, including the ground state which preferen-
tially decays towards similarly deformed structures in
70Ni. This decay path can be clearly distinguished from
the one passing through nearly spherical levels follow-
ing the β decay of the high-spin state of 70Co, as re-
ported in Ref. [31]. Thus, it turns out that the shape
coexistence occurs in the A = 70 isobaric chain due

Figure 4: (Color on line) Top: Occupancies of single-particle orbitals
in the MCSM calculation for the 1+ levels of 70Co. Bottom: Gamow-
Teller matrix elements for the 0+ → 1+1 (left) and 0+ → 1+2 (right)
transitions. Filled and shaded bars represent the results of the original
MCSM calculation and the deformed bases (see text). The latter are
not multiplied by a quenching factor.

to type II shell evolution. A challenge for future ra-
dioactive ion-beam facilities will be determining if the
deformed-intruder dominance of the ground state is ex-
tended to the N = 50 isotones below 78Ni.
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Söderström, T. Sumikama, J. Wu, Z. Xu, R. Yokoyama, H. Baba,
R. Avigo, F. B. Garrote, N. Blasi, A. Bracco, F. Camera,
S. Ceruti, F. Crespi, G. de Angelis, M.-C. Delattre, Z. Dombradi,
A. Gottardo, T. Isobe, I. Kuti, K. Matsui, B. Melon, D. Mengoni,
T. Miyazaki, V. Modamio-Hoybjor, S. Momiyama, D. Napoli,
M. Niikura, R. Orlandi, H. Sakurai, E. Sahin, D. Sohler, R. Tani-
uchi, J. Taprogge, Z. Vajta, J. Valiente-Dobón, O. Wieland,
M. Yalcinkaya, Phys. Lett. B 751 (2015) 107.

[26] C. Santamaria, C. Louchart, A. Obertelli, V. Werner, P. Door-
nenbal, F. Nowacki, G. Authelet, H. Baba, D. Calvet, F. Château,
A. Corsi, A. Delbart, J.-M. Gheller, A. Gillibert, T. Isobe,
V. Lapoux, M. Matsushita, S. Momiyama, T. Motobayashi,
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M. Huyse, V. S. Ivanov, U. Köster, B. A. Marsh, T. Otsuka,
L. Popescu, R. Raabe, M. D. Seliverstov, N. Shimizu, A. M.
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J. Gentens, M. Huyse, A. Korgul, Y. Kudryavtsev, R. Raabe,
M. Sawicka, I. Stefanescu, J. Van de Walle, P. Van den Bergh,
P. Van Duppen, W. B. Walters, Phys. Rev. C 78 (2008) 041307.

[46] S. N. Liddick, S. Suchyta, B. Abromeit, A. Ayres, A. Bey,
C. R. Bingham, M. Bolla, M. P. Carpenter, L. Cartegni, C. J.
Chiara, H. L. Crawford, I. G. Darby, R. Grzywacz, G. Gürdal,
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