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Abstract. The configuration-dependent cranked Nilsson-Strutinsky approach has been employed to study
the properties and band structures at high spin in the Z = N odd-odd nuclei 46V and 50Mn. The observed
bands are explained and terminating states are confirmed by the calculations. The calculated and observed
bands are in good agreement without normalization, especially for terminating states. Possible bands
with rotation around the intermediate axis and the effect of γ-deformation on the total energy of several
interesting configurations are discussed.

PACS. 21.10.Hw Spin, parity, and isobaric spin – 21.10.Re Collective levels – 21.60.Ev Collective models
– 27.40.+z 39 ≤ A ≤ 58

The features of band structures at high spin and
smooth band terminations for the Z = N deformed odd-
odd nuclei at or near the proton drip line in the A ∼ 40
mass region are of special interest. The valence space out-
side the 40Ca core is large enough for 50Mn or 46V to form
plenty of interesting band structures. The experimental
results of the odd-odd nucleus 46V [1] was recently re-
ported and the rotational bands were observed up to spin
15+, 16− and 17−, respectively. Experimentally, the struc-
ture of 46V was studied from different points of view, see
refs. [2,3]. One high-spin band was observed in 50Mn [4,5].
Shell model calculations have been performed [1–5] for 46V
and 50Mn.

The configuration-dependent cranked Nilsson-
Strutinsky (CNS) approach [6,7] has been employed to
study the band structures of 46V and 50Mn. The Nilsson
parameters of ref. [8] have been adopted and pairing
correlations have been neglected. Considerable effort
has recently focused on even-even or odd-A nuclei, such
as 48Cr [9] and 36Ar [10], to compare the description
of experimental data by the CNS, shell model and
cranked Hartree-Fock-Bogoliubov calculations. The CNS
calculations are thus expected to provide a reliable de-
scription of quadruple properties [9]. For convenience, the
shorthand notation used later to label the configurations
(relatively to the 40Ca core) is defined as [p1p2, n1n2] ≡
π(d3/2s1/2)−p1(f7/2)p2 ⊗ ν(d3/2s1/2)−n1(f7/2)n2 . p1(n1)
and p2(n2) are the number of proton (neutron) holes in the
(d3/2s1/2) orbitals and protons (neutrons) in the f7/2 or-
bitals. (d3/2s1/2)−p1(n1) will be omitted if p1(n1) is zero. In
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addition, + and − for this shorthand notation will be used
in some cases in order to indicate the positive and negative
signature orbital occupied by the last proton and neutron.

For 46V, there are three valence protons and neutrons
outside the 40Ca core which occupy the lowest two orbitals
of the 1f7/2 subshell below the Fermi surface and form
ground states or yrast bands when the deformation ε2

is less than 0.3 according to the single-particle energies
diagram. Configurations of excited bands are obtained by
exciting one nucleon from the (d3/2s1/2) to f7/2 orbitals.
Configurations of higher excited bands can be formed by
making particle-hole excitations and will not be discussed
further here because they are unfavored in energy.

In order to understand the observed bands in
46V and 50Mn, the CNS calculations have been per-
formed for the four combinations of parity (π = ±)
and signature (α = 0, 1). For (π, α) = (+, 0), (+, 1),
the configurations of interest near yrast bands and
the possible maximum spins obtained for these con-
figurations are [03,03], i.e. π[(f7/2)3±6.5,7.5]6.5,7.5 ⊗
ν[(f7/2)3±6.5,7.5]6.5,7.5, and Imax = 13, 14 and
15, and [14,14], π[(d3/2s1/2)−1±

0.5,1.5(f7/2)48]8.5,9.5 ⊗
ν[(d3/2s1/2)−1±

0.5,1.5(f7/2)48]8.5,9.5, and Imax = 17, 18
and 19, respectively. The plus or minus, ±, in the
superscripts indicates the signature α = −1/2 or
+1/2 orbital occupied by the last proton or neu-
tron in that subshell. Subscripts are the possible spin
contributions from the occupied valence orbitals form-
ing the configurations at the oblate (γ = 60◦) axis.
Similarly, for (π, α) = (−, 0), (−, 1), the configura-
tions and the possible maximum spins are [03,14], i.e.
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Fig. 1. Energies plotted as a function of spin for the calculated
and observed bands in 46V. The energies are given relative to a
rigid rotation reference (�2/2Jrig)I(I+1). The calculated yrast
lines are indicated by dotted lines. The open symbols indicate
the theoretical data and solid symbols the experimental data.
Terminating states are indicated by large open circles.

π[(f7/2)3±6.5,7.5]6.5,7.5 ⊗ ν[(d3/2s1/2)−1±
0.5,1.5(f7/2)48]8.5,9.5,

and Imax = 15, 16 and 17, and [14,03],
π[(d3/2s1/2)−1±

0.5,1.5(f7/2)48]8.5,9.5 ⊗ ν[(f7/2)3±6.5,7.5]6.5,7.5,
and Imax = 15, 16 and 17, respectively.

The experimental and theoretical E − ERLD curves
as a function of spin for near yrast bands for the four
combinations of parity π and signature α are shown
in fig. 1. Based on the calculated results, for 46V, the
configurations [03,03]+− (or [03,03]−+), [03,03]−−,
[14,03]+− and [14,03]−− with parity and signature
(π, α) = (+, 0), (+, 1), (−, 0) and (−, 1) are assigned to
the observed bands 2, 3, 5 and 6, respectively. Comparing
the results shown in figs. 1 and 2, it can be seen that the
three observed bands 3, 5 and 6 have been observed up
to their terminating states having the terminating spins
of 15, 16 and 17, respectively, and the calculated bands
are in good agreement with the observed bands both in
the relative energies and in the curvature at high spin
without normalization, especially for terminating states,
which are in the spin region of interest. In the low-spin
range, the calculated bands are approximately 1 MeV
above the corresponding observed bands because the
CNS model used here has neglected pairing interactions
which would play an important role at low spin. The
good agreement between calculated and observed bands
at high spin without normalization confirms that the
CNS approach works very well in the A ∼ 40 mass region.

There is no shape coexistence within the same config-
uration on the potential-energy surfaces for all configura-
tions near yrast lines in 46V for the whole spin region but
there would be shape coexistence among the different con-
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Fig. 2. Calculated shape trajectories as a function of spin in
the (ε2, γ)-plane for calculated bands in 46V corresponding to
fig. 1. The step in spin in the curves is 2�.

figurations. The process of smooth band termination and
the change in the intrinsic nuclear shape of the interesting
bands as a function of spin in 46V are shown in fig. 2 by the
calculated shape trajectories in the (ε2, γ)-deformation
plane. All observed bands are normal-deformed bands ac-
cording to the calculations. The γ-deformations of the spe-
cific configurations are always positive or very close to zero
when the proton or neutron (d3/2s1/2)−1+(f7/2)4 configu-
ration is included. This is because the orbital [330]1/2 be-
longing to the f7/2 subshell with α = −1/2 and [202]3/2
with α = +1/2 when γ is positive is much lower in energy
than that when γ is negative at ε2 = 0.18, see fig. 3(a).
The [330]1/2 orbital with α = −1/2 is always occupied at
normal deformations in all configurations considered here
and the rest of the valence orbitals [330]1/2, [321]3/2 and
[202]3/2 have relative weak effect on decreasing energy
when γ is negative. For some configurations, e.g. [03,03]
with α = 0, the increasing and decreasing effect on the
energy is almost or just balanced so the deformation is
very close to or on the prolate (γ = 0◦) axis at a deforma-
tion ε2 = 0.1 ∼ 0.2. The decreasing effect of the [321]3/2
orbital with α = −1/2 for negative γ on the energy is
stronger than that with α = +1/2 so the γ-deformation
of the configuration [03,03]−− is negative and [03,03]++
positive. The last valence proton and neutron in the same
[321]3/2 orbital with the same signature make such de-
creasing effect of different signature on energy stronger.
The [14,14]−− configuration with both proton and neu-
tron [202]3/2 orbital with α = +1/2 unoccupied has the
largest negative γ-deformation since this orbital has the
strongest decreasing effect for positive γ among these con-
figurations, see fig. 2. Figure 3(b) shows the effect of the
γ-deformation on the total energy for 38K.We have formed
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Fig. 3. (a) Single-proton energies plotted as a function of the
γ-deformation. The solid, dotted, dashed and dot-dashed lines
are for parity and signature (+,0), (+,1), (−,0) and (−,1), re-
spectively. The solid circles indicate the orbitals occupied by
the proton configurations 03 and 14 for 46V and 21 with the
f7/2 proton in the [330]1/2 orbital with α = −1/2 and +1/2
for 38K. (b) Total energies as a function of the deformation
γ for 38K. The solid (dashed) line indicates the total energies
of the configuration with the f7/2 proton and neutron in the
α = +1/2 (−1/2) orbital.

the configurations for 38K by making both the last proton
and neutron occupy the [330]1/2 orbital with the same
signature α = −1/2 or +1/2 so that it makes the effect of
the γ-deformation double. For a special number of nucle-
ons, such as one nucleon outside a core of fulfilled closed
shell or nucleus at special deformation, the CNS approach
could firmly distinguish the difference of configurations to
only one orbital in the rotating frame but it could not in
general [11]. The configurations [01,01]++ and [01,01]−−,
π(f7/2)1± ⊗ ν(f7/2)1±, for 38K at special deformations
ε2 = 0.18 and ε4 = 0.00 formed by the [330]1/2 orbital
with different signature α = −1/2 or +1/2 and the rest
orbitals occupied are the same, are an example to show
such effect, see fig. 3.

Two configurations [03,03]+− and [03,03]−+ or
[14,14]+− and [14,14]−+ in fig. 1(a) are degenerate. There
are almost degenerate configurations with α = 0 or 1 and
negative parity. The two degenerate configurations [03,03]
or [14,14] are formed by exchanging proton and neutron
configuration only. Here we keep the two configurations
because the CNS model does not include isospin interac-
tion and the real configuration should be the combination
of the different isospin states. The qualitative explana-
tion of the effect of proton-neutron (pn) pairing on the
energy is that the effect is dominated by the energy dif-
ference between the proton and neutron Fermi surfaces.
If the energy difference is small, the effect would play an
important role, but if the difference is large, that effect
could be neglected. In the CNS calculations, there are two
kinds of Fermi surfaces from the discrete and smoothed
single-particle energy sums for proton, neutron and each
rotational frequency value. For example, the energy differ-
ence of the proton and neutron Fermi surfaces at (ε2, γ) =
(0.14,−9◦) at ω = 0.05ω0 for the [03,03]−− configuration
with (π, α) = (+, 1) is about 0.14 MeV for both discrete
(4.121 and 4.133 �ω0) and smoothed (4.048 and 4.061 �ω0)
sums. The good agreement between calculated and ob-
served bands at high spin without normalization indicates
that pairing, including pn pairing, could be neglected in
the high-spin region for odd-odd nucleus 46V but it could
play an important role in the low-spin region, see fig. 1.
We will not discuss this further in the CNS model.

For 50Mn, the calculated and observed bands as a func-
tion of spin are shown in fig. 4(a). Since there is only one
observed high-spin band, here only the calculated bands
with the same parity and signature (π, α) = (+, 1) as the
observed one are shown. The possible terminating states
are built at maximum spin in the [05,05] configurations:
π[(f7/2)5±6.5,7.5]6.5,7.5 ⊗ ν[(f7/2)5±6.5,7.5]6.5,7.5 = 13, 14 (for
α = 0) and 15, respectively. The [05,05]−− configuration
is assigned to the observed band 1. Comparing with the
CNS calculated results, the observed band 1 has been ob-
served up to its terminating state having the terminating
spin of 15, and it is a normal-deformed band, see fig. 4(b).
Similar to the band structures in 46V, the calculated con-
figurations [05,05]−+ and [05,05]+− with parity and sig-
nature (π, α) = (+, 0) are degenerate and yrast, [16,05]−+
and [16,05]−− are yrast for (−, 0) and (−, 1), reached their
terminating states at spin 14, 14, 14 and 15, respectively.

Comparing the rotational behavior of the calculated
rotational bands in 46V and 50Mn with rotation around
the axis with the middle moment of inertia, which is for-
bidden in classical mechanics rotation, described in ref. [9]
in 48Cr, conclusions of the rotation around the intermedi-
ate axis can be drawn for 46V and 50Mn. The calculated
configurations that clearly show rotation around the
intermediate axis are [03,03]−− with (π, α) = (+, 1), and
[14,03]−− with (−, 1) in 46V so the observed bands 3 and
6 would be bands with rotation around the intermediate
axis. Similarly, the calculated configuration [05,05]−− and
observed band 1 in 50Mn clearly show rotation around the
intermediate axis. All these bands with rotation around
the intermediate axis should be confirmed further by
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Fig. 4. (a) Energies plotted as a function of spin for the cal-
culated and observed bands in 50Mn for parity and signature
(π, α) = (+, 1). Terminating states are indicated by large open
circles. (b) Calculated shape trajectories as a function of spin
in the (ε2, γ)-plane for calculated bands in the top panel in
50Mn. (10) means one neutron in the f5/2p3/2p1/2 orbitals.

calculating B(E2) values and spectroscopic quadruple mo-
ments as that of ref. [9] and we will not discuss them here.

In summary, band structures near yrast lines of the
Z = N odd-odd nuclei 46V and 50Mn in the A ∼ 40 mass
region have been investigated and the calculated bands
show good agreement with observed bands at high spin.
The terminating states in 46V and 50Mn have been con-
firmed by the calculations. Both nuclei are normal de-
formed and with no shape coexistence within the same
configuration. All these show the CNS model works well
in the A ∼ 40 mass region. Possible bands with rota-
tion around the intermediate axis and the effect of γ-
deformation on the total energy of several interesting con-
figurations are discussed.
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