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High-spin states in 43Ca. 4sSc, and 45Ti were studied with the GASP multidetector
array coupled with the Recoil Mass Spectrometer. The nuclei were excited in the 60MeV
ISQ _j_3Ogj r e a c t j o n Lifetimes were extracted from the analysis of the Doppler-shift
attenuation of 7-rays observed in the reversed 35C1+12C reaction. The measurements
suggest significant deformations of the positive-parity intruder bands in 4&Sc and 4 iTi.
These bands are predicted by the mean-field calculations to be the cross-shell particle-hole
excitation associated with a strong quadrupole core-polarization. Spherical shell-model
calculations reproduce observed excitation energies and transition rates in both spherical
and deformed structures.
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The nuclei of the / 7 / 3 shell, which lie between the doubly magic 40Ca and 56Ni, are particularly good
candidates to observe the competition between collective and single-particle excitations. In this mass
region, the spherical shell model in a very restricted configuration space is very useful for predicting
many features of low-lying states [1,2]. However, because of the presence of collective modes and intruder
states, both at low excitation energies [3] and at high spins [4,5], the extension of the shell model to the
full fp space becomes necessary [6,7]. In short, since the number of particles in the /7/j nuclei is not
prohibitively large for the new-generation shell-model calculations, and, at the same time, is large enough
to create substantial collectivity, these systems form an interesting playground to confront the large-scale
spherical shell model with collective approaches based on mean-field theory [8-10].

Of special interest are positive-parity intruder states in odd-A /7/2-shell nuclei, which often form
rotational-like bands. In some odd isotopes of Ca, Sc, Ti and V, such bands have been observed and
lifetime measurements for low spin levels lead to the conclusion that these nuclei have prolate deformations
(with /3 w 0.25) [3]. The experimental data for high-spin states in / 7 / 2 nuclei, however, are still scarce
because of the unsatisfactory efficiency and limited selectivity of the techniques used so far. The positive-
parity intruder states contain the particle-hole (p-h) excitations from the "closed" sd shell.

The present work is an attempt to increase as much as possible the knowledge about the nature of the
high-spin positive-parity states recently observed in the odd-mass fr/2 nuclei: 43Ca, 46Sc and 45Ti. This
investigation was performed in several experiments (brief reports are given in Refs. [11-13]) using the
4TT 7-ray spectrometer GASP and also the RecoD Mass Spectrometer (RMS) at Laboratori Naiionali di
Legnaro.

A thin target of 360 //g/cm2 SiO2 was bombarded with a 60 MeV 18O beam provided by the XTU
Tandem of LNL. The beam energy was chosen to be approximately 15 MeV above the maximum yield
for 30Si(18O, p2n)45Sc and 30Si(18O,3n)45Ti fusion-evaporation reactions as predicted by the computer
code CASCADE [14]. Pilot measurements at 55 and 65 MeV [11] demonstrated that in spite of several
reaction channels being opened at this beam energy, the population of high-spin levels in 45Sc and 4 sTi
remains relatively high. Gamma rays were detected in the multidetector array GASP, and the recoils
with A=44 and 45 were separated by the RMS and registered. In spite of the low RMS efficiency in this
experiment, the 7-recoil coincidences provided mass identification and appeared to be very useful in the
reduction of the large Doppler broadening of high-energy 7-lines resulting from the high recoil velocity
(v/c % 3%).

The detailed level schemes for 43Ca, 45Sc and 45Ti (presented elsewhere in Refs. [12,13]) were con-
structed on the basis of double and triple 7-coincidences. The measured DCO ratios and angular
anisotropies of the 7-rays registered in coincidence with the recoils provided arguments for the spin as-
signments. In the three nuclei, the observed positive-parity levels form quasi-rotational bands with strong
E2 transitions, whereas the negative-parity structures are characteristic of spherical (1/7/2)" excitations.

In order to examine the character of the positive-parity states, lifetime measurements were performed
in a separate experiment. Gamma-rays emitted in the bombardment of a thick, 15mg/cm2 12C target
with 35C1 projectiles at 75, 95 and 120 MeV were recorded in the GASP array. The selected beam energies
lead to a population of three different regions of spin and excitation energy in both 45Sc and 4 sTi. This
enabled a well-controlled extraction of lifetimes by a DSAM analysis of the 7-lineshapes observed at
different forward and backward angles with respect to the beam direction. These data yielded lifetimes
for most of the positive- and negative-parity levels in 45Sc and 45Ti that were identified in the former
experiment. The 45Sc data relevant for the discussion in this Letter are given in Table I.

TABLE I. Measured lifetimes of the levels belonging to the positive-parity intruder structure in
45 Sc.
_ _ _ _

(keV) (ps)_
2032 11/2+ 1.4(2)
3296 15/2+ 0.67(7)
4896 19/2+ 0.30(5)
6685 23/2+ 0.25(5)
8623 27/2+ 0.28(9)

11023 31/2+ < 0.1
13601 (35/2+) < 0.1

To interpret the experimental excitation energies and electromagnetic transition rates,
shell-model calculations were performed using the code OXBASH [15]. The properties of



the negative-parity states in 43Ca, 45Sc, and 4STi are well reproduced by Ohw shell-model
calculations performed assuming an "inert" 40Ca core with the fp major shell acting as the
valence space and the FPD6 interaction of Ref. [16]. These results have been published in
Ref. [13] and are not repeated here.

For the positive-parity intruder states, which are associated with the particle-hole exci-
tations from the 40Ca core, the fp shell-model space is not sufficient. In our calculations,
we allowed for lp-lh excitations out of the scf-shell orbitals into the /p-shell. To relate the
present results with the previous calculations for negative-parity levels [13], the interactions
of Ref. [17] were used while replacing their /p-shell two-body matrix elements with those of
the FPD6 interaction. Due to the large dimensions present in such a "cross-shell" approach,
we limited calculations only to 43Ca and 45Sc. Even still, some truncations were necessary
in order to render the calculations for 45Sc feasible. Namely, for I<27/2 states, only the
excitation of a particle from the 2si/2 or 1̂ 3/2 orbits was allowed, and the occupation of the
I/5/2 a nd 2pi/2 orbits was limited to no more than three particles. Within this truncation
scheme, the largest /T-dimensions are of the order of 16,000. (For 43Ca all lp-lh sd—*fp
excitations were considered.)

Having normalized the 7/2" ground state with experiment, the calculated excitation
energies foT the positive-parity states in 45Sc are systematically higher than the experimental
values by approximately 1 MeV. This is partly due to a rather restricted configuration space
assumed for the positive-parity states. An estimate can be obtained by comparing truncated
and full-space binding energies obtained for high-spin states (I > 27/2). For these levels, we
find that the truncated binding energies are of the order of 500 keV higher than the full-space
results. As such, it is probably reasonable to expect that a full-space calculation would lead
to a positive-parity spectrum that is shifted down by at least 500 keV, which is in better
accordance with experiment. For comparison, to estimate the shape polarization effect due
to the d$/2 proton hole, the single-particle bandheads in 45Sc have also been calculated using
the Woods-Saxon-Lipkin-Nogami model of Ref. [18]. The deformed K*=3/2+ configuration
(/32«0.21) is predicted to lie at ~0.25MeV above the fo/2 ground state.

A comparison between experimental and theoretical positive-parity levels for 43Ca and
4SSc, normalized at the 3/2+ level, is given in Fig. 1. For 4SSc, the overall structure of
the entire positive-parity band is rather well reproduced. The B(E2) transition rates were
also evaluated using harmonic oscillator radial wave functions, with the oscillator frequency
kvosc =4tbA~1^3 — 25>1~2/3 (MeV). Given that we are interested in transitions involving
particle-hole excitations of the core, it is not immediately clear what effective charge should
be used. The effective proton and neutron charges of ep = 1.33e and en = 0.64e have
been determined from quadrupole moments and E2 transitions in lighter /p-shell nuclei
[19]. On the other hand, the neutron effective charge obtained previously for the sd nuclei is
en = 0.35e [20]. (The larger value of en in the /p-shell nuclei has been attributed to "core-
polarization" effects in the Ca isotopes [21].) Therefore, we have made comparisons with
experimental data exploiting both sets, and have found better agreement with the larger
value ofen = 0.64e. The resulting B{E2) values are compared to the data in Fig. 1 (inset).
In addition, B(M1) values have also been evaluated, and, on average, good agreement with
experiment is achieved using the free-nucleon p-factors.

The fact that good overall agreement between experiment and shell-model calculations
is achieved for both positive- and negative-parity states in 45Sc, including the excitation
spectrum and transition rates, is an indication that the large configuration space enables
one to describe strong collective effects. This is consistent with the findings of Ref. [6],
where it was demonstrated that the large configuration space consisting of the full fp shell
is sufficient to describe the collective yrast rotational states observed in 48Cr.

As seen in Fig. 1, the theoretical reproduction of the intruder band in 43Ca is worse. As in
the 4SSc case, the calculated 5/2+ and 9/2+ levels are underbound, suggesting that either:
(i) the limitation to lp-lh sd—ffp excitations is too severe for a system with only three
valence nucleons, (ii) the shell-model interaction employed in the "cross-shell" calculations
needs to be refined, or (iii) both.

Figure 2 compares the positive- and negative-parity structures in 45Sc with the even-even
cores of 46Ti and 44Ca. Up to JT=19/2+ , the positive-parity band in 45Sc can be viewed as
a proton d$/2 hole weakly coupled to the collective (deformed) core of 46Ti. On the other
hand, the negative-parity structure can be understood in terms of the proton fa/2 particle
coupled to the spherical core of 44Ca. (The intermediate coupling of a single fp proton to
the 44Ca core has been previously successfully applied in Ref. [23] to the negative-parity



structure in 4sSc.) This suggests that collectivity in fp nuclei comes mainly from the number
of valence fp proton and neutron pairs.

The agreement between the intruder band in 45Sc and the ground band of 46Ti breaks
down above the state 7T=8+, which can be associated with the weakly deformed two-
quasiparticle ir(f7/2)

2 configuration. In 4SSc, the alignment of a (/7/2)2 P&i* is also seen
in the second moment of inertia of the intruder band as is shown in Fig. 3, but the band
interaction is much larger than in the case of the 46Ti core. This possibly can be attributed
to the stabilizing effect of the d3/2 proton hole, i.e., the increased rigidity to shape changes
in the intruder configuration.

The insets in Fig. 2 show the representative Woods-Saxon-Strutinsky total routhian sur-
faces with pairing [24] for the positive- and negative-parity configurations in 4&Sc. They
were calculated at the rotational frequency hu>=0.6 MeV, below the I/7/2 quasiparticle
alignment. According to these calculations, the negative-parity structure is nearly spherical
and the positive-parity structure is deformed below the I/7/2 quasiparticle alignment, with
/32«0.2. This value can be compared with the experimental value /3el=0.24 (averaged over
the whole TT=+ band). At higher rotational frequencies, our cranking calculations predict
alignment of both I/7/2 quasiprotons and quasineutrons, giving rise to the termination of
the coDective band.

In summary, the positive-parity bands in odd-.A nuclei around 4SSc are among the most
spectacular examples of shape coexistence in atomic nuclei. The associated excitation ener-
gies are exceptionally low, and their collectivity (measured in terms of the regular 7-decay
pattern and large interband B(E2) values) is large. This collectivity can be primarily at-
tributed to the number of valence proton and neutron pairs in the fp shell. Large-scale
shell-model calculations are remarkably successful in reproducing on the same footing both
nearly-spherical and collective structures in this region. The agreement with the data breaks
down at the highest angular momenta observed where the contributions from many-particle-
many-hole transitions to sd and I39/2 shells are expected to play a role.
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FIG. 1. Comparison of the experimental and calculated positive-parity bands in 45Sc and 43Ca.
The energies are normalized at the 7=3/2 level. Experimental and calculated B(E2) values for the
positive-parity band in 4iSc are shown in the inset.
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FIG. 2. Comparison of the experimental bands in 4SSc with the yrast structures in 44Ca [22] and
46Ti [4]. The corresponding total routhian surfaces for 4SSc are shown in the insets.
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