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Rotational bands have been found in *’Co and %'Ni, using Gammasphere in conjunction
with the Microball and 30 neutron detectors. The bands in *"Co, extending the mass 60
region of deformation down to Z = 27, are signature partner sequences. The quadrupole
moments and dynamic moments of inertia of the new bands in both nuclei are similar to
those of rotational sequences in the neighboring nuclei. The high-spin structure of 3Co
is compared with Skyrme Hartree-Fock calculations.

1. INTRODUCTION

Rotational bands associated with a highly deformed (8, > 0.3) or superdeformed (8, >
0.5) quadrupolar shape have been found in nuclei in the mass 60 region, specifically in
the isotopic chains of Zn, Cu, and Ni (see e.g. Refs. [1-4]). Various model approaches
explain the deformed configurations in this region by particle-hole excitations across the
N = Z = 28 shell gap which involve the strongly deformation driving N, = 4 99/2
intruder orbital (see e.g. Refs. [4-6]). Throughout the whole region, these bands exhibit
a drop in the dynamic moment of inertia, 7, with increasing rotational frequency, fiw.
This characteristic feature of J® is attributed to a so-called smooth band termination
(2], implying configuration changes and a gradual loss of collectivity with Aw. However,
despite the expected loss of collectivity the bands remain well-deformed over the entire
spin range. In the present work, the picture of particle-hole excitations with significant
intruder content across the shell closure is tested further by studying the rather light
odd-mass nuclei, 5"Co and 3"Ni.

2. EXPERIMENT AND DATA REDUCTION

The experiment was carried out at the ATLAS facility at Argonne National Laboratory.
The *28 + 2Si — °Zn* reaction at a beam energy of 130 MeV was used to produce fusion-
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evaporation residues around *Ni at high spin. The target enriched to 99% in 2Si had
a surface density of 0.5 mg/cm? and was supported by a 1 mg/cm? Au layer facing the
beam. The -y rays from the reaction were detected by the Gammasphere array [7], which
contained 78 Ge detectors in BGO Compton-suppression shields. The hevimet collimators
were removed to obtain y-ray sum energy and fold information per event. A shell of 30
neutron detectors [8] was used for the first time in Gammasphere, replacing thirty Ge-
BGO modules of the six most forward rings. The Neutron Shell served for the purpose
of selecting one and two neutron evaporation channels, while the evaporated charged
particles were detected with the 47 Csl-array Microball [9]. A total of about 700 million
events were collected during two days of running time, with the condition that a minimum
of two “clean” Ge detectors and a neutron detector fired in coincidence.

In the offline analysis, the v-ray data were sorted according to individual exit channels
by gating on the identified charged particles or neutrons or a combination of both. Con-
taminants in these gates resulting from particles which escaped detection were sharply
reduced by applying the total energy plane selection method of Ref. [10]. The 3Co
and 5"Ni nuclei under consideration were populated in the 3p and 2pn channels, respec-
tively. An efficiency for one neutron detection of ~33% was achieved, as inferred from
the selection of the 2pn channel (and 3pn channel leading to 5Co [11]). To sharpen the
~-ray spectra, a precise Doppler shift correction was performed: the velocity vector of the
recoiling nucleus was reconstructed (taking into account the momentum vectors of the
charged particles determined with the Microball and the detected neutrons) and a -y-ray
energy dependent recoil velocity was applied. In the case of 57Co and *'Ni, a residual
Doppler-shift analysis {12] was performed subsequently to obtain transition quadrupole
moments for the level structures of interest.

3. RESULTS

Fig. 1 shows the main part of the new level scheme for *"Co {some non-yrast states
are omitted). The spin and parity assignments for the levels up to the first 19/27 state
are adopted from previous work [13]. The spins for the higher lying states are assigned
on the basis of the y-ray multipolarities obtained from a directional correlation (DCO)
analysis. In addition, it is assumed that levels decaying predominantly to known negative-
parity levels have themselves negative parity. The low spin level structure is very complex
and probably reflects the many possibilities of single-particle excitations in this nucleus.
However, above spin 25/2 a band structure develops. The two high-spin E2 sequences
labeled (h) and (i) are at the bottom interlinked by dipole transitions which are proposed
to be of M1 type. The E2 sequences are viewed as signature partner bands. Their
drop in J® (< 1/AE.) with spin resembles other band structures in the region. Fig. 2
shows sample coincidence spectra for the bands (h) and (i). These spectra are obtained
from sums of coincidence gates placed on inband transitions. All band members and the
interband transitions are labeled by their energies in keV. The spectra have in common
that the same transitions between 731 and 1147 keV (dipoles) are present and cross-talk
between both sequences occurs. Thus, they support the high-spin part of the level scheme.
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Figure 1. Partial level scheme for ’Co populated in the (*2S,3p) reaction. The high
spin band structure (h and i) and the level sequences fed by this structure are shown.
Transitions are labeled by their energies in keV (those placed with less confidence are given
in parenthesis). The arrow widths represent the relative intensities of the transitions.
Level energies (in keV) are given for the highest levels only. Inset: Relative intensities of
yrast and near yrast transitions as a a function of initial spin.
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Figure 2. Coincidence spectra for the high spin band structure in 3"Co. Gating transitions
are given in the figure and labeled by the symbol “g”. The transitions in the sequences
(h) and (i) are highlighted by filled and open triangles, respectively, signature partner

linking transitions by asterisks. The most intense v rays and those labeled by “y” are
yrast transitions between lower-lying states in *7Co.

The decay intensity of the signature partner bands in *’Co is spread over several path-
ways linking the bands with both the level structure (f) and (g). However, the observed
linking transitions account for ~ 80% of the intensity of the bands. Notice also that the
decay of the weakly populated 25/2~ “bandhead” state is not observed, as indicated in
Fig. 1. It is important to ensure that in the present level scheme no significant linking
transitions are missing and an independent check of the spin assignments is in order. The
inset of Fig. 1 shows the intensity patterns of the yrast sequences over a large spin range.
Indeed, the crossing of these patterns is supportive for the spin assignments. Furthermore,
the possibility of a proton decay at the bottom of the ’Co bands, similar to the case of
58Cu (3], is unlikely since  rays of *Fe (possible daughter nucleus) are absent in the
spectra of interest. Therefore, the bands in 5"Co are considered to be fairly well linked to
the low-spin part of the level scheme.

The rotational character of band (h) and (i) is inferred from their average transition
quadrupole moments, (g, obtained by using the thin-target Doppler-shift attenuation
method [12]. Due to the high v-ray energies the level lifetimes are short compared to the
average time taken by the recoiling nuclei to traverse the target (~ 100 fs). The measured
fractional Doppler-shifts, F'(7) vs. E.,, for each band have been fitted by calculated F(r)
curves, using the side feeding model of Ref. [14], the measured intensity profiles of bands
(h) and (i), and for the slowing down process in the target the stopping powers provided by
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Figure 3. Sample coincidence spectrum for 5’Ni populated in the (*2S,2pn) reaction. The
transitions of the rotational band are highlighted (dots).

the code TRIM [15]. The results obtained from a x? minimization for the free parameter
are Qo = 1.970¢ eb and 1.9510% eb for band (h) and (i), respectively. The quoted errors
represent a 1o deviation from the best fit but exclude the systematic errors associated
with the stopping powers which are smaller. The measured @)y values correspond to a
quadrupole deformation 8, = 0.39 or an even larger elongation if a non-axial shape with
v > 0% is assumed. That is, the bands in 5"Co represent a highly deformed shape of the
nucleus.

The present data have also revealed a rotational band in ®’Ni. This E2 sequence consists
of seven transitions with the respective energies of 1306, 1695, 2086, 2506, 2969, 3377, and
3697 keV and extends the level scheme of 5’Ni [16] to significantly higher spin (> 22A).
The lowest lying band member (1306 keV) is tentatively assigned as a 23/2 — 19/2
transition. Fig. 3 shows a sample spectrum for *’Ni obtained from a sum of coincidence
gates. Known yrast and near-yrast transitions (below spin 21/2) are labeled by their
energies in keV only. The members of the newly observed band are highlighted by dots.
Using the thin-target DSAM method, an average quadrupole moment has been obtained
for the band in 5'Ni as well. The measured value Qy = 2.3%3% eb corresponds to a
deformation f§, = 0.45 (for v = (0°), which is perhaps comparable with the feature of a
superdeformed band in the region, e.g. that in %Ni [3].

4. DISCUSSION AND CONCLUSIONS

The properties of the new bands in 5"Co are compared with results of Cranked Hartree-
Fock calculations using the Skyrme interaction SLy4 {17]. The configurations are described
by the notation 4"4P, where n and p are the numbers of occupied Ny = 4 unique parity
routhians. For example, the doubly magic superdeformed configuration in %°Zn can be
labeled 4247 (no hole state). Briefly, the configuration assignment proposed for 5"Co rests
on (1) parity considerations, (7i) quadrupole moments, (4ii) configuration crossings judged
by the J@ vs. hw behavior, and (i) comparisons of the spin sequences of both signatures
with the expected band terminating spins. Since the bands in 5’Co have most likely
negative parity, only intruder configurations of the 424° type (one proton hole) and the 4141
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Figure 4. Comparison between measured and calculated quadrupole moments for the
bands in 5"Co. The boxes represent the average (o values (with error) measured in a
certain spin range (cf. Section 3).

type (one additional neutron in a negative-parity orbital) are possible. Other negative-
parity configurations without intruder content are ruled out by the large quadrupole
moment measured. However, among these two options the 424° configuration matches
the J® moments and spin sequences best. Interestingly, the first crossing between the
proton routhians (at iw ~ 1 MeV) involves the K = 5/27 f/; prolate state, an orbital
with a small degree of signature splitting. This explains why the band structure is observed
in both signatures.

The good agreement between experiment and theory is indicated in Fig. 4, where the
measured average (Jy values and the quadrupole moments calculated for the 424° config-
uration as a function of spin are compared with each other. The theoretical curves for
the signatures r = i differ slightly but the present measurement is not sensitive to such
a difference nor to a noticeable reduction of ¢y at very high spin.

In conclusion, a coupled band in *Co (two signatures) has been found and the mass 60
region of deformation has been extended below the Z = 28 shell gap. The new structure
in 57Co is well described as a 424° intruder configuration and, thus, supports the picture
of particle-hole excitations developed for this mass region. A deformed band is also
present in 5'Ni. However, this structure is observed in one signature only. Similar to the
case of 5Co, the large quadrupole moment of the band in "Ni rules out a configuration
assignment without a Ny = 4 intruder.
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