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Complete spectroscopy in high-spin cranking calculations
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Abstract. Exact and approximate quantum numbers of the cranked Nilsson-Strutinsky (CNS) formalism
are exploited to calculate excited bands in fixed configurations with the energy of the individual bands
minimized with respect to deformation for all spin values. The formalism is applied to 59Cu, where all
bands which appear important in the decay out of the superdeformed band are calculated.

PACS. 21.10.Ma Level density – 21.60.Cs Shell model – 23.20.Lv γ transitions and level energies –
27.50.+e 59 ≤ A ≤ 89

A large number of rotational bands and high-spin
states have recently been identified in the nucleus 59Cu [1].
In order to describe most of these states, it appears neces-
sary to consider a space including at least the full N = 3
shell and the g9/2 subshell. This space is too big for stan-
dard shell model calculations. Thus, it appears more suit-
able to tackle this nucleus with a mean-field approach.
Using such an approach, it is necessary to be able to fix
configurations so that the rotational bands can be followed
over large spin ranges. This is especially important in this
light-mass region where most bands appear to undergo
large shape changes as functions of spin. Indeed, many
bands are observed to terminate [2] in a non-collective
state with a large jump in deformation between the ter-
minating Imax state and the (Imax − 2) state.

In the cranked Nilsson-Strutinsky (CNS) approach of
refs. [3,4], the orbitals are labeled not only by the ex-
act quantum numbers parity and signature, but also by
approximate quantum numbers. Thus the main oscillator
quantum number N ≡ Nrot, corresponding to the total
number of quanta in the rotating harmonic-oscillator ba-
sis, is treated as pure, and in each N -shell, a distinction is
made between the high-j intruder orbitals and the other
(low-j) orbitals. Using these “quantum numbers”, the con-
figurations of 59Cu are labeled by the number of (high-j)
f7/2 holes and g9/2 particles for protons and neutrons,
i.e. [p1p2, n1n2] = π(f7/2)−p1(g9/2)p2ν(f7/2)−n1(g9/2)n2 .
Note that the number of low-j N = 3 particles will then
be fixed by the condition of constant proton and neutron
number, Z = 29 and N = 30. For Z ≈ N nuclei, it is
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Fig. 1. Illustration of possible configurations in 59Cu showing
the holes in the highest f7/2 orbitals, the particles in the two
lowest orbitals of (f5/2, p3/2) character labeled (fp), and the
particles in g9/2. Plus and minus signs are used for signature
α = +1/2 and α = −1/2 states, respectively.

often difficult to distinguish between proton and neutron
excitations. Therefore, it is sometimes more appropriate
to specify only the total number of holes q1 and particles
q2. In this case we refer to the [p1p2, n1n2] configuration
as [q1\q2] where q1 = p1 + n1 and q2 = p2 + n2.

Possible occupations of the orbitals in 59Cu are illus-
trated in fig. 1. One can note that the shorthand notation
introduced above does not fully classify a configuration.
It is necessary to specify also the signature of the differ-
ent particles. All configurations in fig. 1 are of the type
[00,11]. The one to the left is low in energy with all three
(f5/2, p3/2, p1/2) ≡ (fp) particles in the lowest proton and
neutron orbitals of this kind. In the middle panel, the (fp)
proton is excited to a higher orbital. In the right panel,
the two (fp) neutrons have the same signature, so that
one of them must be placed in the second lowest (fp) or-
bital. Note that the filling of orbitals in the left and middle
panels corresponds to the yrast band and an excited band
of the same configuration.
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Observed configurations in 59Cu (56Ni core) 
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Fig. 2. Configurations assigned to the observed “rotational”
bands in 59Cu labeled 1a, 1b, . . . , 8 in ref. [1].

The configurations of 59Cu can be classified as in fig. 2.
The rows specify the number of holes in f7/2 orbitals and
the columns the number of g9/2 particles. The numbers in
the panels of fig. 2 indicate that these configurations have
been assigned to the different observed bands numbered
as 1a, 1b, 1c, 1d, 2, etc. in ref. [1].

With our detailed configuration assignment and with
the possibility to consider excited bands in fixed configu-
rations, it becomes possible to calculate all states in some
energy range above yrast. This could be important when
considering, for example, the decay out of superdeformed
(SD) bands. If this decay is treated in detail, it is neces-
sary to know all states having energies in the same range
or below the SD band. We will demonstrate this by con-
sidering the decay out of the SD band in 59Cu, which has
been mapped out in great detail in experiment [1]. The
proton decay is discussed by D. Rudolph in a separate
contribution [5]. Of interest for us is the γ emission, where
around 90% of the full intensity has been observed. Mainly
positive-parity states, including the lower-spin states of
bands 3 and 4, are involved in the decay which appears
to present an intermediate case between the highly frag-
mented statistical decay of SD bands in heavy nuclei and
the more direct decay in many lighter nuclei.

The superdeformed band is assigned as [4\3] (cf. fig. 2).
All positive-parity bands which are calculated lower in
energy have only one g9/2 particle. The SD band is a 2p-
2h excitation relative to the observed [2\1] configuration
(band 4), and also with respect to the unobserved [3\1]
and [4\1] configurations, but it is a 3p-3h excitation with
respect to the [1\1] configuration (band 3). This suggests
that the SD [4\3] band can only couple directly with con-
figurations of the type [4\1], [3\1] and [2\1].

Calculated energies of all bands which come below or
close to the SD band for I ≤ 25/2 are shown in fig. 3(a).
There are three [2\1] configurations of this kind (three be-
cause one of the curves includes two degenerate bands).
All other [2\1] configurations are calculated at a higher en-
ergy. In a similar way, we only need to consider three [3\1]
configurations while all [4\1] configurations are calculated
at a higher energy than the SD band. There are many [1\1]
configurations at low energy; six low-lying drawn by full
lines, four bands corresponding to proton excitations (cf.
middle panel of fig. 1), and five neutron excited bands.
Finally, there are seven other “higher bands” formed as
yrast in configurations with the particles distributed un-
evenly over the two signatures (cf. right panel of fig. 1).
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Fig. 3. (a) Calculated energies of rotational bands in 59Cu
with a rigid-rotation reference subtracted and with the termi-
nating states encircled. The relative energies of configurations
assigned to the SD band and the observed bands 3 and 4, i.e.
the lowest [4\3], [1\1] and [2\1] configurations, have been fitted
to experimental energies. (b) The lowest [4\3], [3\1], and [2\1]
bands are shown along a “minimum energy path” in the (ε, γ)
plane for I = 12.5 and 16.5. Assuming a 0.5 MeV zero-point
energy in the SD well, the decay barriers are indicated in grey.

According to fig. 3(a), the SD band is very close in
energy to states to which it may couple by 2p-2h ma-
trix elements, first at I = 33/2, where it comes close to
the low-lying [2\1] bands, and then again to [3\1] bands
at I = 25/2. At both spins, the coupling also involves a
change in deformation, which is illustrated in fig. 3(b).
Here the energy curves for the relevant configurations are
drawn along a straight line in the (ε, γ)-plane. In this fig-
ure, the SD band appears to be shielded from the [2\1]
states at I = 33/2 by a barrier, but the equivalent barrier
separating it from the [3\1] states at I = 25/2 is much
weaker. This may explain the experimental finding that
the SD band remains pure and the intensity stays in the
band at I = 33/2, whereas it fragments at I = 25/2. Ac-
cording to this picture, the [3\1] states act as doorway
states for the SD decay-out. In the next stage, the [3\1]
bands will in turn mix with the [1\1] and [2\1] bands, sug-
gesting a fragmentation of the decay in general agreement
with experiment, see refs. [6,7].
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