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Abstract

An excited superdeformed (SD) band in °Gd is associated with a 2p-2h
proton excitation and provides the first evidence for collective proton pair
excitations in a. SD nucleus. This band is seen to exhibi‘t a discontinuity in
the y-ray transition energies (backbending), which is interpreted as a ba.nd.-
crossing associated with the alignment of a pair of N=6 protons. There is _

("..
further evidence that this excited SD band decays into the yrast SD band.
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Superdeformed (SD) nuclei, with a 2:1 axis ratio (32 = 0.6) around '*?Dy [1], are charac-
terized by large shell gaps and high rotational frequenéies (hw > 300 keV) and consequently
pair correlations are expected to be greatly reduced [2,3]. Indeed it is the single-particle char-
acteristics of the nucleons, especially the so-called high- N intruder states (i.e., N=6 protons |
and N=T neutrons) which appear to dominate the observed properties of SD bands in the
mass 150 region [3,4]. In particular the variations in magnitude of the dynamical moments
of inertia are attributed to differences in the number of high-/N intruder orbitals occupied.
There is evidence however that pair correlations play an important role in some mass 150 SD
bands, for example the rapid rise in the dynamical moment of inertia and the discontingity
in the transition energies (backbending), seen at low frequency in **°Gd [5] and %°Gd [6,7)
respectively, have been interpreted as paired band-crossings arising from the alignment of a
pair of N=7 quagsineutxlons. Nonetheless, the evidence for pairing in this region of SD nuclei
is clearly limited and the precise role of pair correlations at superdefo;‘mations and large
rotational frequencies remains uncertain.

This letter reports on the observation of an excited SD band in 15°_Gd which exhibits a
pronounced discontinuity (backbending) in the «y ray transition energies. This is interpreted
as a band-k:rossing associated with the alignment of a pair of N=6 protons and provides
the first evidence for collective proton pair excitations in a SD nucleus. Moreover, at the
backbend, this excited SD band is seen to decay into the yrast SD band.

High spin states in '*°Gd were populated by the reaction Mg +13°Te at a beam energy
of 149 MeV. Two stacked *°Te targets, each 600 pg/cm? with a 300 pg/cm? Au backing
(support) were used. The beam of 1-2pnA was supplied by the tandem accelerator at the
Daresbury Laboratory Nuclear Structure Facility and the Eurogam spectrometer [8] was used
to record the coincident «-ray energies. An unsuppressed Ge fold >7 was required before
accepting an event and the resulting event rate was ~5x10°® events per second, yielding a
total of ~1x10° suppressed coincidence events with Ge fold >3.

Five SD bands, assigned to !°°Gd, have been observed in this data set. Four of the SD

bands have been reported previously [5,9-11], the fifth is the subject of this letter. This
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new SD band has an intensity of ~40% relative to the yrast SD band (band 1) and a partial
spectrum of °Gd band 5 is shown in Fig. la. Above E,=1 MeV the transition energy
spacing is regular (AE., = 49 keV) and thus its dynamical moment of inertia, 3(*)=44?/ AE,,

(Fig. 2) is constant as a function of rotational frequency (hw=FE.,/2) and similar to that of

‘the yrast SD band (band 1) in ¥2Dy. Since the $(3 moment of inertia is sensitive to the

occupation of specific high- N intruder states, band 5 in *°Gd is assigned the same intruder
configuration (76%v7%) as *2Dy band 1. In addition, at high spins, the transition energies in
band 5 are similar to those in *?Dy band 1. Fig. 3 indicates that the most likely excitation
involving.two N=6 protons can be associated with the two-particle two-hole (2p-2h) proton
excitation from the {301]1 level to the [651]2 intruder level and thus, at least at high spins,
the configuration of band 5 is considered to be two proton holes in the 32Dy yrast SD core.

Although the higher energy v rays provide the evidence for the similarities between band
5 in %9Gd and band 1 in 152Dy, there are large differences at lower spins. Band 5 exhibits
a pronounced irregularity in the S moment of inertia (Fig. 2) indicating that a band-
crossing (interattion) has occurred. The band interaction involves two pairs of partially
resolved transitions (Fig. la) at approximately 966 and 997 keV. These peaks are broader
than other SD peaks in the spectrum and coincidence data (Fig. 1b) show that they each
correspond to two transitions. Although it is not possible to uniquely determine the ordering
of the transitions within the two doublets, a proposed decay sequence, consistent with the
data, is 1046.0, 998.6, 967.6, 994.8, 964.5 and 909.9 keV. The 1'esﬁl_ting discontinuity in the
transition energies is termed a backbend. It is important to note that a re-ordering of the
transitions within a doublet (or between the doublets) still results in a clear irregularity in
the transition energy spacing and hence does not alter the physics interpretation presented
below.

The two [301]2 proton holes in the *°Gd vba.nd 5 configuration are expected to carry
a very small amount of intrinsic angular momeﬁtum and therefore, since both band 5 in
1%0Gd and band 1 in ®2Dy have very similar transition energies above E, =~ 1300 keV,

we assume that the relative angular momentum alignment (angular momentum difference)
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between these bands is close to zero in -this region. The absolute spin values for 2Dy are

taken from ref. [12] and the resulting angular momentum curves for *°*Gd band 5 and 52Dy
band 1 are shown in Fig. 4 as a function of rotational frequency. At low frequencies, below
the band-crossing, *°Gd band 5 has less angular momentum (at a given freqﬁency) than
152Dy band 1. At the crossing point band 5 suddenly gains ~4 units of angular momentum,
whereas band 1 in *2Dy shows no sudden change in alignment.

The backbending in !*°Gd implies an interaction (band-crossing) between configurations
with different intrinsic alignments. The unpaired single-particle routhians [3] for both pro-
tons and neutrons do not show any evidence of an interaction. However, cranked-shell-model
calculations including pairing,! performed for '*°Gd at the deformation calculated for bar;d
5 (B2 = 0.62,84 = 0.12), predict a band-crossing as‘séciated with the alignment of a pair
of N=6 intr.uder protons ([651]2). The calculated crossing frequency and alignment are
hw = 0.6 MeV and ¢ = 4h respectively. This band-crossing is predicted in the calculations
even when a much reduced proton pairing gap is used (A,~450 keV). In the limit of very .
weak pairing such calculations have rather limited applicability, 110\ve\7e1~, the cranked-shell-
model with reduced pairing may be used, in some cases, to give a qualitative description
of the band-crossing. Additional information relating to the nature of the band-crossing in
10Gd band 5 can be obtained by comparing **°Gd band 5 with '*?Dy band 1. Since, (i)
10Gd and '*2Dy are isotones (N=86), (ii) Total Routhian Surface (TRS) calculations [3]
predict that 1°Gd band 5 and **2Dy band 1 have similar deformations, and (iii) }**Dy band
1 does not show any evidence for a band-crossing, then we may rule out the possibility that
the backbend in 150Gd band 5 is due to the alignment of a pair of neutrons. In contrast, the
constant 3 for 152Dy is well reproduced by calculations [4] which do not include pairing

and this is consistent with the expectation that the large Z=66 (}*?Dy) shell gap at 3, = 0.6

Since, in general, the BCS (static) pair gaps in mass 150 SD nuclei are expected [2,3] to be

quenched at low frequencies, the dynamic pairing or pair fluctuations are important.



should greatly reduce the proton pairing (similarly, we expect weak neutron pairing for both
150Gd band 5 and '*?Dy band 1 due to the large N=86 gap).

Above the backbending, the structure of band 5 in '**Gd can be understood in terms of a
(l‘r’sz)yms,‘(}an([‘301]%)‘2 configuration. In this region, the dynamic proton pair correlations
in band 5 are expected to be weaker than in 2Dy band 1 due to the blocking of the [301]2
pair (see, e.g., R..ef. [13] for a discussion of dynamic pairing and blocking effects). Conse-
quently, just above the backbending, band 5 is expected to carry more angular momentum
than '*2Dy band l.(see insert to Fig. 4), and its ${2) moment of inertia should be lower
than in ®2Dy (see Fig. 2 and discussion in ref. [2]). At -higher rotational frequencies pair
correlations decrease and both bands become ‘identical’.

Below the backbending, the nature of band 5 is probably more complex. The SD ground
state of 1°°Gd can be associated [14] with the large Z=64 SD shell gap in the single-particle
proton spectrum (Fig. 3) and the first excited J™=0% state is the 2p-2h excitation from
7([301]2)? to 7([651]2)%. In the presence of pairing, such an excitation is a two-quasiparticle
K™=0% seniority-zero state. This situation strongly resémbles the excited deformed intruder
configurations in neutron-deficient isotopes of Sn, Hg, and Pb, which are understood in terms
of proton pair excitations across closed shells (see ref. [15], Sec. 2.1.4 and 2.2.8). We propose
that the low frequency part of the SD band 5 in ¥*°Gd may also be built on such an intruder
state, which is slightly more deformed than the SD yrast band. Due to the low density of
single-particle states around the Z=64 SD shell gap the pair excitation is expected to be
of a dynamical character, i.e., the quasiparticle picture resulting from static (ie., non-zero
BCS) pairing is probably not appropriate.

A proton backbending involving the lowest N=6 intruder orbital has been reported
recently in a SD band in M4Gd [16], once more illustrating the importance of pairing at
superdeformations. The SD band in !**Gd is presumably the lowest (yrast) configuration,
whereas the structure of band 5 in °Gd is based on an excited 2-proton configuration. In
our opinion, the 1°Gd data provides additional important information related to the role of

pairing around SD shell gaps and may even shed some light on elementary modes of nuclear
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excitations involving the pair field.

A SD band in °Gd [7] (band 4) has also been associated with a 2p-2h protoﬁ excitation
from the [301]1/2 to the [651]3/2 intruder orbital, coupled to a 1p-1h neutron excitation from
the [651]2 into the [770]1 intruder. In this example the observed S‘z) is very constant (and
identical to '°2Dy band 1) and the fact that no band-crossing has been seen in the *°Gd SD
band 4 is puzzling. However, TRS calculations predict a deformation of 8, = 0.59, 84 = 0.10
for 14°Gd band 4 and at this deformation the cranked-shell-model, including pairing, predicts
a smooth gain in alignment for 1°Gd band 4 which is consistent with the data. Although
the results obtained from the cranked-shell-model (which describes the pair cofrela.tions
within a static pair field) are highly qualitative, a possible explanation for the absence of
a backbending in "°Gd band 4 (in contrast to **Gd band 5) may thﬁs be related to the
deformation driving effects of the [651]2 neutron hole.

The SD band 5 in '*Gd is seen (Fig. 5) to lose ~ 50% of its intensity in the backbending

region and may de-excite completely after the 909.9 keV transition. At the same time there

is a build up of intensity in the yrast SD band ( '**Gd band 1) which can not be associated"

with gating transitions set accidentally on band 1. Therefore we suggest that band 5 decays
primarily into band 1 rather than into the normal deformation states. This transfer of
intensity occurs throughout the backbending region, where the N=6 protons align. It is
rea.soﬁable £o assume that the excited SD band (band 5) is likely to be a few hundred keV
above the yrast SD band in the SD band population region and thus we can estimate that
the linking transitions, connecting band 5 to band 1, would be in the energy range 1.7 -
2.2 MeV. However these data do not contain sufficient statistics in order to enable us to
make a positive identification of any linking transitions. In qu1‘ opinion the observation of
such inter-band decays may, with a more detailed measurement, allow us to obtain direct

information on the nature of the correlations present in SD nuclei.

In summary we have observed an excited SD band in °Gd which, at high spins, is

assigned a m6*»7% high-N intruder configuration coupled to two proton holes in the [301]3

level, i.e. two proton holes in the 2Dy yrast SD core. This new band undergoes a backbend-
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ing at low frequencies: which we interpret as an alignment of a pair of N=6 protons. Thus
these datba provide the first evidence for K*=0% proton pair excitations in a SD nucleus. In
addition, at the ba..nd-crossing, this excited SD band is seen to decay into the yrast SD band
rather than directly to the nomﬁal deformation states.
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FIGURES
FIG. 1. (2) Double gated coincidence spectrum of °Gd SD band 5 expanded around the

proposed backbending region. The transition energies are given in both the figure and the accom-

panying table and have typical errors ranging from £ 0.4 keV in the lower energy region to + 0.7

keV at higher energies. The resolved energies of the proposed doublets are shown in the spectrum

and the table (indicated by “*7). Peaks corresponding to transitions in the yrast SD band of **°Gd

are labeled by “(b1)” and their energy. Also shown is the 780 keV peak associated with the decay

of the normal deformed yrast J = 23~ state in '"9Gd. Other peaks, labeled A-D, correspond to de-
cays of transitions in normal deformed states in *®151Gd. (b) Double gated spectra in coincidence
with the unresolved doublets at 964-968 and 995-999 keV, expanded around the region containing
the doublets. Gating on the doublets was confined to one half of a given doublet as indicated in
the figure and to all other SD band members. The other component of the unresolved doublet is

clearly seen.

FIG. 2. Dynamic moments of inertia, S(?). for the yrast SD band in 2Dy (circles) and 159Gd
SD band 5 (squares) as a function of rotational frequency. The moments of inertia are similar at
high frequencies but a sudden discontinuity occurs in %°Gd band 5 at a frequency of ~0.5 MeV.

Only the transition energies above the backbending in 1°Gd are used.

FIG. 3. Single-particle proton levels at the Fermi surface for SD bands around Z=64-66. At
B2 ~0.62 the low-N [301]} and the second N=6 intruder ([651)2) orbitals are degenerate. We
propose that 1°°Gd ST) band 5 corresponds to the excitation of two protons from the [301]3 orbital

into the V=0 intruder level.

FIG. 4. A plot of the level spin versus 1'0La.tion.a.l frequency for the yrast SD band in ®2Dy
(circles) and '3°Gd SD band 5 (squares). Above 1300 keV the transition energies (frequencies)
are very similar and therefore the spin difference in this region is assumed to be zero. At the
backbending, 1%°Gd SD band 5 gains ~4 units of spin which we propose is due to thel alignment of

a pair of N=6 protons. The inset shows the relative alignment (AI) between the bands.

I
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FIG. 5. Relative inband intensities as a function of rotational frequency for °Gd SD band
5 (filled squares) illustrating a loss of intensity over the backbending region and a corresponding

increase in the intensity of transitions associated with the yrast SD band in '*°Gd (open squares).
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