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Abstract. The neutron-rich nuclei 60-63
23 V have been produced at GANIL via interactions of a 61.8A · MeV

76Ge beam with a 58Ni target. Beta-decay to 60-63
24 Cr has been investigated using combined β- and γ-ray

spectroscopy. Half-lives of the 60-63V nuclei have been determined, and the existence of a beta-decay isomer
in the 60V nucleus is strongly supported. The observation of low-energy 2+ states in 60Cr (646 keV) and
62Cr (446 keV) suggests that these isotopes are strongly deformed with β2 ∼ 0.3. This is confirmed by shell
model calculations which show the dominant influence of the intruder g and d orbitals to obtain low 2+

energies in the neutron-rich Cr isotopes.

PACS. 27.50.+e 59 ≤ A ≤ 89 – 23.40.-s Beta decay; double beta decay; electron and muon capture –
21.60.Cs Shell model – 21.60.-n Nuclear-structure models and methods

1 Introduction

The N = 40 sub-shell closure is originally the Nosc = 4
harmonic-oscillator (HO) shell closure. However, the spin-
orbit force in atomic nuclei splits the g (l = 4) orbital into
two, the aligned configuration g9/2 (l + s) is lowered and
the anti-aligned g7/2 is raised in energy. The g9/2 orbital
becomes an intruder state with respect to the Nosc = 3
HO shell and N = 40 is not any more a major shell clo-
sure. The relative importance of the single-particle gaps
at 40 and 50 depends in both the strength of the spin-
orbit interaction and the neutron-proton interaction. The
strength of the sub-shell closure at N = 40 is character-
ized by the size of the gap between f5/2p1/2 and g9/2 and
by the possibilities to generate excitations across it.

The study of neutron-rich nuclei below 68
28Ni40 is of

special interest since many fascinating physics aspects are
involved to model the evolution of the sub-shell closure at
N = 40. The valence orbital g9/2 is extremely important
since it governs the properties of the neutron-rich N ∼ 40
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nuclei. Its effects are multiple, and act in favour or against
an increase of a sub-shell closure. The two arguments in
favor of a sub-shell closure are as follows.

A weakening of the spin-orbit surface term is predicted
for very neutron-rich nuclei as their surface is expected to
be more diffuse [1]. Consequently, the g9/2 orbital would
move closer to the next upper orbital, increasing the size
of the N = 40 gap. In addition to this, the presence of
this positive-parity orbital above fp negative-parity ones
strongly hinder excitations which preserve parity symme-
try. As a result, quadrupole excitations across the N = 40
gap are substancially reduced in 68

28Ni40 [2].

However, pairing correlations between f5/2p1/2 and
g9/2 orbitals result in an apparent superfluidity of the nu-
clei, since neutrons are “attracted” by the presence of the
g9/2 valence orbital [2]. In addition to this, the two first
sub-states of the g9/2 orbital are steeply decreasing when
the quadrupole deformation is increased. These two latter
effects lead to an effective erosion of the sub-shell gap at
N = 40.
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Hannawald et al. [3] have deduced that the neutron
rich 66

26Fe40 is deformed with a quadrupole deformation
β2 ∼ 0.26. This was deduced from the determination of the
low energy of its first 2+ excited state, E(2+) = 562.5 keV.
Since the 24Cr isotopes lie at mid proton f7/2-shell, be-
tween Z = 20 and Z = 28, protons can additionally desta-
bilize the nucleus and favor deformation. However, given
all the competing effects mentioned above, reliable theo-
retical predictions are difficult to establish for the neutron-
rich nuclei around N = 40.

The study of these neutron-rich nuclei at/around N =
40 sub-shell closure is also of astrophysical relevance. Re-
cent astronomical observations of old stars in the galactic
halo reveal the probable existence of a “weak” r-process
component which would produce nuclei of masses below
A = 130 from neutron-rich progenitors. This “weak” pro-
cess could extend down to light masses, and be respon-
sible for the observation of correlated isotopic anomalies
in the neutron-rich 48Ca-50Ti-54Cr-58Fe-64Ni-66Zn in cer-
tain inclusions of meteorites. Therefore, the presence and
strength of any shell or sub-shell effect at N = 28, N = 32
and N = 40 far-off stability is still actively researched.

Beta-decay studies provides the first tool which can be
used for understanding the evolution of nuclear structure
in the neutron-rich Cr isotopes. This paper focus on the
beta-decay of 60-63V, aiming to deduce nuclear-structure
information from their half-lives and from their main γ
transitions.

2 Experimental procedure and results

The neutron-rich 60-63
23 V isotopes have been produced at

GANIL by the fragmentation of a 61.8A ·MeV 76Ge30+
beam, of mean intensity 1 eµA, onto a 58Ni target of
118µm thickness. The nuclei of interest were separated
by the LISE3 achromatic spectrometer which was tuned
to optimize the transmission rate of 62V. A wedge-shaped
Be foil of 221µm thickness was placed in the intermedi-
ate focal plane of the spectrometer in order to reduce the
rate of nuclei close to stability. As a consequence, the 60V
nuclei were partially eliminated. The nuclei transmitted
through the spectrometer were identified by means of 3
consecutive 300, 300, 1500µm silicon detectors. The first
two served for the energy loss and time-of-flight measure-
ments. The last one, into which the nuclei were implanted,
determined their residual energies. It was divided in six-
teen 3mm wide, 46mm height vertical strips. The rate of
nuclei implanted was about ten per minute in each strip.
Figure 1 shows an energy loss versus time-of-flight spec-
trum obtained for the nuclei transmitted in the experi-
ment. The total number of 60V, 61V, 62V and 63V im-
planted was 1196, 5858, 1152 and 127, respectively. The
production rates of 61,62V nuclei have been increased for
at least a factor of 10 by using a 76Ge primary beam in-
stead of 86Kr [4], whose mass number is further away from
that of the fragments of interest.

Each time a nucleus was implanted in one of the strips
#i, the primary beam was switched off during 1 second to

Fig. 1. Identification of the nuclei produced in the experiment
by their energy loss (DE) and time of flight (t.o.f), given in
arbitrary units.

collect the beta-rays of its decay. These beta-rays were at-
tributed to a precursor nucleus when detected in the same
#i or adjacent #i ± 1 strip. About 75% of the beta-rays
were detected in the same strip as the precursor nucleus.
Additional 20% were detected in the adjacent ones. They
correspond to cases where the precursor nucleus was im-
planted at the boarder of two strips. In such cases, the
path of a beta-particle in an adjacent strip was consider-
ably longer and the detection efficiency was subsequently
enhanced. Beta-decay time spectra correlated with the
implantation of 60-63V are shown in fig. 2. The fitting
procedure to determine the half-lives of 60-63V includes
five parameters: the half-lives of the mother, the daughter
and grand-daughter nuclei, the β-efficiency and the back-
ground rate over the 1 second collecting time. The half-
lives of daughter (Cr) and grand-daughter nuclei (Mn)
have been taken from refs. [4] and [3]. The β-efficiency has
been found to be very similar for all nuclei, εβ � 90(5)%,
though they were not centered at the same horizontal po-
sition in the strips. This efficiency has been increased by
a factor of five as compared to ref. [4] by using a thicker
implantation Si-detector (1500µm instead of 500µm) and
a high pre-amplification gain dedicated to the collection
of low-energy signals of β-rays. The beta background was
due to the decay of long-lived nuclei produced by filiations.
With a better production rate of the nuclei and an increase
of the beta-efficiency, the half-lives of 61V and 62V have
been obtained with better accuracy: T1/2 = 47 ± 1.2ms
(old value 43± 7ms [4]) and T1/2 = 33.5± 2ms (old value
65 ± 31ms [4]), respectively. The half life of the N = 40
nucleus 63V, T1/2 = 17± 3ms, is determined for the first
time. The half-life of 60V, 68±4.5ms, is shorter than that
of 122± 18ms determined in ref. [4]. This surprising fea-
ture will be discussed below.

Four Ge detectors were placed around the implanta-
tion detector for the detection of the main γ-transitions
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Fig. 2. Beta-decay curves of 60-63V. The corresponding half-lives T1/2 are included for each isotope. The beta-decay curve of
60V may contain two beta-decaying components, with one from a β-isomer.

0
5

10
15
20

200 400 600 800 1000 1200 1400

60 V

0

10

20

30

200 400 600 800 1000 1200 1400

61 V

0

5

10

15

200 400 600 800 1000 1200 1400

62 V

0

1

2

3

200 400 600 800 1000 1200 1400

E (keV)

63 V

Fig. 3. Beta-gated γ-ray spectra following the decay of 60-63V
(from top to bottom). γ-events are taken within a 300 ms time-
window following the β-emission to eliminate against the rate
of photons emitted by the daughter nuclei. The intense γ-rays
at 646 keV (60V) and 446 keV (62V) are assigned as the 2+ →
0+ transitions in 60Cr and 62Cr, respectively.

following β-decay. The beta-gated γ-efficiency εβγ has
been determined using an additional setting of the spec-
trometer optimized for the production of 67Co and 69Ni
whose γ-branchings are known from ref. [5] and from
refs. [6,7], respectively. About 9% of 69Ni is produced
in its 1/2− beta-decay isomer, which decays in 74(9)%
of all cases through the 1298 keV γ-ray [8,9]. After hav-
ing corrected for this abundance of 69mNi, a consistent
γ-efficiency has been extracted from the lines at 679 keV
and 695 keV in 69Ni and 67Co, respectively. This results in
εβγ = 6.5± 1.3% at about 680 keV. The determination of
the γ-efficiency has been obtained independently using a
152Eu source located at the Si-strip detector position. We
have obtained a value of εγ similar to that of εβγ , which
confirms that the β-efficiency was close to 100%.

Beta-delayed gamma-ray spectra of 60V and 62V
(fig. 3) exhibit γ-lines at 646(1) keV and 446(1) keV, re-
spectively. The ratio of γ’s in the peaks with respect to
the number of implanted nuclei is 56(14)% and 37(9)%,
respectively. Given the total number of photons in the
peaks and the evolution of εγ as a function of the energy
(εγ = 2.7(3)% at 2MeV), it is clear that no other peak
with similar intensity is present in the spectra within the
first 2MeV. Since the strongest transition observed in the
beta-decay of odd-odd to even-even nuclei is usually the
2+ → 0+ transition, it is assumed that the 2+ energies
of 60Cr and 62Cr nuclei are 646 keV and 446 keV, respec-
tively.

It is interesting to note that the two γ-lines at
646(1) keV and 446(1) keV are also observed in the β-
gated γ spectra of 61V (about 22 counts) and 63V (about
4 counts), respectively. This means that the 2+ excited
states of 60Cr and 62Cr are fed through the β-delayed
neutron decay of 61V and 63V. From the intensity of the
2+ → 0+ transition, we can deduce lower limits of the
β-delayed neutron branching Pn of ∼ 6% for 61V and of
∼ 35% for 63V. We give a lower limit of the Pn, since it
is deduced from the β delayed-neutron branching decay
through the known 2+ → 0+ γ-transition only.

3 Discussion

Information on the structure of V and Cr in this mass
region can be extracted from the measurement of their
half-lives and from the determination of the 2+ energies
of even-even nuclei. These two properties are examined in
the following.

3.1 Beta-decay isomer in 60V

The present half-life of 60V differs significantly from that
obtained in ref. [4]. Similar discrepancy between the two
experiments are not seen in any other nucleus measured
in common. Since the γ-line at 646 keV is seen in both ex-
periments, it is sure that the same nucleus has been stud-
ied. It is, therefore, probable that a β-isomer is present in
60V. This would happen if a high-spin difference existed
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between the ground state and an excited state, close in en-
ergy. The half-life obtained in each experiment depends on
the relative production of the isomer in the fragmentation
reaction. One of these beta-decaying states would have
a short half-life (68ms or less), the other one would be
longer (122ms or more). It is important to remind that
the two experiments did not use the same projectile to
produce the fragments of interest. This could explain why
either a low- or high-spin state is favored. This presence
of an isomer in 60V is reinforced by the existence of a sim-
ilar configuration in the isotone 62

25Mn37. The high-spin
state, corresponding to a 671ms half-life, has been found
by Hannawald et al. [3] from the study of the β-neutron
decay of 62Mn. This confirmed the first measurement of
Runte et al. [10]. The low-spin isomer, with a half-life of
about 90ms, has been first evidenced from the decay of
the mother nucleus of 62Mn [4], i.e. 62

24Cr. Beta-decay se-
lection rules imply that the even-even 62Cr, with spin 0+,
favors low spins in its decay. The high-spin β-isomer was
therefore not fed in the β-decay of 62Cr. It is seen from this
example that the β-decay of even-even nuclei may act as
a “filter” for selecting the low-spin states. Consequently,
we have looked at the beta-decay of the even-even mother
nucleus 60Ti in order to select the low-spin beta-decaying
state in 60V. A good fit of the decay curve of 60Ti is ob-
tained when using a short daughter half-life for 60V of
T1/2 = 40(15)ms. This is in accordance with the present
direct determination of the 60V half-life (68 ± 4.5ms),
though a bit shorter. Therefore, the 60V beam might con-
tain a small fraction of a long-lived beta-decaying state
in the present experiment. In the following, we adopt a
half-life of 40(15)ms, which corresponds to the β-decay of
one state in 60V.

For 60V, the Finite Range Droplet Model [11] predicts
that the potential-energy surface is very soft with two
shallow minima at different shapes. 60

23V37 is predicted to
be oblate (β2 = −0.11) in its ground state, the prolate
minimum (β2 = +0.11) being 115 keV higher in energy.
For oblate shapes, the downsloping g9/2 intruder orbital
[404]9/2+ can be occupied by neutrons. The presence of
this orbital close to the ground state has been evidenced
in the neighboring nucleus 59

24Cr35 which exhibits a 9/2+

state at 503 keV. It is, therefore, possible that the 37th
neutron occupies the intruder configuration in its ground
state or in a nearby one. This neutron would couple with
a [303]5/2− proton in 60V to yield negative-parity states
of spins J ranging from 2 to 7. With the prolate configura-
tion, the expected spins are lower, from J = 1 to 4, and of
positive parity. Following these assumptions, many levels
should be found close in energy in 60V with possibly large
spin differences. Two gamma-decaying isomers of 13(3) ns
and 320(90) ns half-lives have already been evidenced in
60V by J. M. Daugas [12].

3.2 QRPA calculations for the β-decay of 60,62V

We have used the QRPA model of Möller and Ran-
drup [13] to calculate Gamow-Teller (GT) strength func-
tions and β-decay half-lives T1/2 of 60V and 62V as a

function of their deformation. The Qβ-values used are
taken from mass measurements in the case of 60V [14]
and from the predictions of Möller et al. [11] for the
neutron-rich 62V. Deformation-dependent wave functions
and single-particles energies are obtained with the Folded-
Yukawa potential. In the beta-decay, the GT strength can
be shared among excited states and the ground state of
the daughter nucleus according to the beta-decay selection
rules. These excited states can subsequently decay or not
through the first 2+ state of 60Cr and 62Cr. The relatively
low feeding of the first 2+ state (P2+) indicates that the
decays of 60V (56(14)%) and 62V (37(9)%) partly occur
directly to the g.s. of the daughter nuclei or/and to levels
which bypass the 2+ state.

The variation of T1/2 of 60V as a function of the de-
formation parameter β2 is (T1/2 (ms), β2) = (55,−0.257),
(18, −0.20), (16, −0.137), (45, 0.183), (36, 0.257), (38,
0.275). From these deformation-dependent calculations,
it seems that the short beta-decay component, T1/2 =
40(15)ms, can be obtained with whatever deformation
parameter β2 considered. The measured half-life alone,
therefore, does not provide a sensitive means to constrain
the deformation parameter. The calculated probability of
feeding the ground state (Pg.s.) in the daughter nucleus
is higher than 5% only for deformation parameters of
β2 � −0.20 (Pg.s. = 45%) and β2 � +0.25 (Pg.s. = 12%).
The relatively low experimental value P2+ could be ex-
plained, in the case of β2 � −0.20, by the large value of
Pg.s..

In the case of 62V decay, the variation of T1/2 as a func-
tion of deformation is very weak: (T1/2 (ms), β2) = (19,
−0.33), (17, −0.275), (21, −0.11), (23, 0.0), (23, 0.11),
(34, 0.22), (36, 0.275), (30, 0.33). Thus, the experimental
half-life of T1/2 = 33.5(2)ms is almost consistent with any
calculated values and does not strongly favor any deforma-
tion parameter. A large value of g.s. feeding, Pg.s. = 35%,
is found for a strongly oblate shape β2 � −0.3. For any
other deformation parameter, the calculated Pg.s. does not
exceed 10%. The low value of P2+ could be due to a large
Pg.s. and to a high delayed-neutron emission probabil-
ity Pn. In such a case, the beta-decay of 62V would be
partly depleted to excited states in 61Cr without feeding
the 2+ → 0+ transition in 60Cr. The calculated Pn of 62V
is about 20–30% for −0.11 < β2 < 0.33, and three times
weaker for larger oblate deformation.

We should note that the decay of 60,62V to 60,62Cr may
occur via mother-to-daughter shape transition. Current
theoretical models cannot treat properly parent-daughter
pairs with different deformations. As a consequence, the
conclusions deduced above would be changed if such a
shape transition occurs. It is very likely for the case of
60V decay, since both the mother and daughter nuclei are
predicted to have potential-energy surfaces with very shal-
low minima at different shapes.

3.3 The E(2+) evolution towards N = 40

It is possible to extract deformation parameter β2 for
60,62Cr from the energy of their 2+ states by using the
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empirical formula of Raman et al. [15,16]:

β2 = const×
√

A−0.69/E(2+). (1)

A reference value for a nearby deformed nucleus can
be taken from 76Ge (E(2+) = 563 keV) in which a defor-
mation parameter of β2 = 0.26 has been extracted from
the measurement of its B(E2) [18]. The above equation
then leads to β2 � 0.27 and β2 � 0.31 for 60Cr and 62Cr,
respectively. From this equation, oblate or prolate shapes
cannot be distinguished. These deformations compare rea-
sonably well with the predictions of FRDM [11] and
ETFSI [19], for which prolate ground states of β2 � +0.18
and β2 � +0.32 are predicted for 60Cr and 62Cr, respec-
tively.

The E(2+) systematics of the even-even 24Cr, 26Fe,
28Ni, 30Zn and 32Ge are shown in fig. 4. The behavior of
the E(2+), when approaching the N = 40 neutron num-
ber, is very different at Z = 28, Z < 28 and Z > 28.
The tenuous effect of a spherical neutron sub-shell clo-
sure at N = 40, as evidenced in the proton-magic Ni iso-
topic chain by an increase of the 2+ energy, is quickly
washed out with the addition or removal of proton pairs.
The behavior of the Z > 28 nuclei have been discussed
already in ref. [20]. In the 30Zn and 32Ge isotopic chains,
the spherical gap at N = 40 is comparable to the pair-
ing energy difference between the fp states and the g in-
truder level [8,21,2]. This results in a high probability
of scattering pairs of neutrons into the intruder g orbitals
(ν[440]1/2+ and ν[431]3/2+), which are steeply downslop-
ing as a function of prolate deformation. This leads to
moderately deformed nuclei at N = 40. When removing
protons from a Ni core, it is found that the decrease of
the 2+ energies is much steeper, emphasizing that the de-
formation is stronger in the Cr chain. This feature can
be qualitatively understood for at least two reasons. As
the 24Cr isotopes reside at mid-occupancy of the πf7/2-
shell, the first two proton orbitals above Z = 20 have
downsloping energies as deformation is increased. This fa-
vors a minimum of the potential-energy surfaces at large
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Fig. 5. Excitation energy of the 2+ state for Cr isotopes (pf,
pfg and pfgd calculations versus experimental values).

deformation. In addition, the strong proton-neutron in-
teraction πf7/2 νf5/2 can modify the size of the spherical
sub-shell gap at N = 40. When protons are removed from
the πf7/2 orbital, the spin-orbit partner νf5/2 is shifted to
higher energies, thus coming closer to the intruder g9/2 or-
bital. As a consequence, the ordering of levels are changed
from 28Ni to 20Ca nuclei. In addition to the decrease of
the N = 40 sub-shell gap, it provides an increase of neu-
tron pair scattering from the p1/2 to both the f5/2 and
g9/2 orbitals [2]. The first experimental evidence of this
monopole interaction f7/2f5/2 is the appearance of the
N = 32 sub-shell closure. This was shown by Huck et
al. [22] who have found an increase of 2+ energy in 52Ca32.
This increase of 2+ energy at N = 32 is also seen in the
Cr chain, though with a somewhat weaker intensity (see
fig. 4). This N = 32 sub-shell closure has been discussed
extensively by Prisciandaro et al. who measured the 2+ en-
ergy of 58Cr [17]. This has also been discussed by Kanungo
et al. [23] from the viewpoint of neutron-separation energy
systematics. This sub-shell closure should be seen in the
Ti chain, which lies between 20Ca and 24Cr. Beta-decay
of 54Sc has been studied in ref. [24] to search for main
γ-transitions in 54

22Ti32. However, this experiment was not
conclusive enough to firmly establish the energy of the 2+

state in 54Ti.
In order to understand the origin of the onset of collec-

tivity in the neutron-rich Cr isotopes, we have performed
a series of shell model calculations, starting with their
description within the fp-shell and progressively enlarg-
ing the valence space to include the higher shells 1g9/2

and 2d5/2. In the fp space, we use the recently defined
KB3G version of the original Kuo-Brown G-matrix [25].
This interaction gives an excellent overall agreement with
the spectroscopic data all over the fp-shell and can be
considered as one reference interaction (among others like
FPD6 [26]). In this space, the N = 40 sub-shell closure is
effective. Figure 5 shows the evolution of the 2+ excitation
energies, as a function of the neutron number, compared
to the experiment. Up to N = 34, the results of the fp-
space calculation agree with the experiment. Beyond, they
strongly diverge from the experimental trend as the cal-
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Table 1. Calculated electromagnetic properties for 60,62,64Cr
in the fpgd space.

60Cr 62Cr 64Cr

E∗(2+) (MeV) 0.67 0.65 0.51

Qs(e·fm2) −23 −27 −31

BE2 ↓(e2·fm4) 288 302 318

Qi(e·fm2) from Qs 82 76 109

Qi(e·fm2) from B(E2) 101 103 106

E∗(4+) (MeV) 1.43 1.35 1.15

Qs(e·fm2) −37 −30 −43

BE2 ↓(e2·fm4) 426 428 471

Qi(e·fm2) from Qs 102 84 119

Qi(e·fm2) from B(E2) 117 117 123

culated 2+ energies remain constant up to N = 38 and
increase at 64Cr40, while experimentally they decrease.
These discrepancies indicate that N = 40 cannot be con-
sidered as a good shell closure in the neutron-rich Cr iso-
topes.

As already noticed in the case of 68Ni40, the neutron
1g9/2 orbital plays a major role at N = 40 because of
the strong cross-shell pairing correlations. This effect is
responsible, at N = 40, for a strong population of this
latter orbital, giving to 68Ni a mixed character of semi-
magic and superfluid nucleus [2]. Therefore, as a second
step, we adopt the valence space and the effective inter-
action employed in [2], denoted by fpg. This valence space
consists of a 48Ca core (more precisely, a 40Ca core with
eight f7/2 frozen neutrons), the f7/2 p3/2 p1/2 and f5/2

active orbitals for protons and the p3/2 p1/2 f5/2 and g9/2

active orbitals for neutrons. The calculations in this va-
lence space describe well the behaviour of the 2+ energies
and B(E2)’s for the Ni isotopes ranging from N = 28 to
N = 40. In addition, we have checked that the fpg de-
scription is still valid for the Cr chain at N = 35. For
this purpose, we have verified that we can reproduce the
experimental low-energy states in 59Cr [4] and the 9/2+

isomer at 503 keV [27]. The fpg calculation predicts the
9/2+ isomer at 470 keV, which is in good agreement. The
results of the pfg calculation for the chromiums are shown
in fig. 5. It is evident that this calculation is also unable to
reproduce the steep decrease of the 2+ excitation energy
observed experimentally beyond N = 36. The very low ex-
citation energy of the 2+ state in 62Cr, suggests a strong
deformation, which cannot be obtained by the inclusion
of the 1g9/2 orbit alone.

It was proposed by Zuker et al. [28] that the mini-
mal valence spaces able to develop quadrupole collectivity
should contain at least a (j, j − 2 . . .) sequence of orbits.
For example, in the so-called “island of inversion” around
N = 20, the role of the 2p3/2 orbital is essential and it
has to be added to its quasi-SU3 counterpart —the 1f7/2

orbital— in order to reproduce the onset of deformation.
Similarly, in the N = 40 region, the 1g9/2 orbital and its
quasi-SU3 counterpart the 2d5/2 have to be taken into
account simultaneously [29]. The resulting valence space
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Fig. 6. Evolution of the neutron effective single-particle ener-
gies for the N = 20 isotones (top panel) and for the N = 40
isotones (bottom spectrum)

is called pfgd. In the actual calculations we are forced to
block partly the 2p3/2 neutron orbital, imposing a minimal
occupancy of two neutrons, due to the large dimensionali-
ties of the calculation. The effective interaction for the gd
part of the new space is, as the one used before, from a
realistic interaction derived by the Oslo group [30].

The inclusion of the 2d5/2 orbital increases the col-
lectivity and decreases the 2+ excitation energies, which
become closer to the experimental values (fig. 5). In partic-
ular, the 2+ excitation energy reaches its minimum value
for 64Cr, at the “would be” N = 40 neutron shell closure.
In table 1, the B(E2) values, the spectroscopic and the in-
trinsic quadrupole moments (Qs and Qi respectively), all
obtained in the pfgd space, are shown for 60-64Cr. In the
64Cr case, the 2+ and 4+ states have similar (and large)
Qi and Qs values, a characteristic feature of an axial rotor.
These quadrupole moments correspond to a deformation
parameter β2 ∼ 0.3.
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It is interesting to draw a parallel between the sit-
uations encountered in the N = 20 and N = 40 re-
gions, which correspond to harmonic-oscillator shell clo-
sures Nosc = 3 and Nosc = 4, respectively. For this pur-
pose, we show in fig. 6 the calculated neutron effective
single-particle energies [31] in the two cases. For the top
spectrum, which corresponds to the N = 20 region, the
interaction of refs. [32,33] has been used, whereas the pfgd
interaction is used in the bottom spectrum for the N = 40
region. In the so-called “island of inversion” atN = 20, the
deformation develops at large neutron excess because two
circumstances concur: First, the reduction of the N = 20
gap between the d3/2 and the f7/2 intruder state with in-
creasing neutron excess, facilitates the excitation of neu-
trons across N = 20. This reduction is due to the proton-
neutron interaction between the πd5/2–νd3/2 orbitals [31].
Second, the quasi-degeneracy between the f7/2 and the
p3/2 orbits gives rise to a sequence of j, j − 2 spins above
the Fermi surface which favors deformed configurations
of 2p-2h character that dominate the ground state. As a
result, the nuclei lying next to spherical 34

14Si,
32
12Mg and

30
10Ne, are deformed. Though the N = 20 shell gap is larger
than the N = 40 one, the situation is similar if we re-
place the sequence of levels —1d3/2, 1f7/2 and 2p3/2— in
N = 20 by —1f5/2, 1g9/2 and 2d5/2— in N = 40. The re-
moval of protons from the π1f7/2 orbital in 68

28Ni provokes
a dramatic increase of the energy of the ν1f5/2 orbital
and a lowering of the 1d5/2 one, changing completely the
ordering of these orbitals in the neutron-rich Ti and Ca
isotopes. In Cr and Fe nuclei, the relevant (j, j − 2) lev-
els are close to each other and nearby the Fermi surface.
This provides ideal conditions for developing quadrupole
deformation beneath 68

28Ni, i.e. for 66
26Fe and

64
24Cr.

4 Conclusion

Beta-decay studies of neutron-rich 60-63V has been
achieved using combined β- and γ-ray spectroscopy. The
half-lives of 60-63V have been determined and compared
to QRPA model predictions assuming various deformation
parameters. The half-life of 60V differs from previous mea-
surement, which could be due to the presence of a β-decay
isomer. The N = 40 nucleus 63V is studied for the first
time. The 2+ energies of 60Cr and 62Cr have been found to
be 646(1) and 446(1) keV, respectively. From these results,
the 2+ energies are steeply decreasing in the Cr chain
when approaching N = 40, which indicate that the Cr
isotopes are strongly deformed. Shell model calculations
need to take into account the intruder g and d orbitals
in order to reproduce this trend. The combined effects
of the N = 40 shell gap breaking and the d5/2 lowering
bring a sequence of levels j, j − 2 above the Fermi surface
which favors quadrupole E2 excitations in the neutron-
rich Cr isotopes. This consequently explains the onset of
quadrupole deformation in the 62Cr region.

F. N. and A. P. would like to thank M. Hjorth-Jensen for mak-
ing available to us his Two-Body realistic Matrix elements.
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