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Unpaired Band Crossings
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The lack of systematic band crossings at high spin in ' ' Er and the selectivity of the single observed
neutron band crossing at hcv )0.37 MeV in 's9Er (i) indicate that static neutron-pair correlations are
too weak for the excitation of a pair of quasineutrons, and (ii) can be explained in terms of the expected
spectrum of single-neutron states in the absence of static pair correlations.

PACS numbers: 21.10.Re, 27.70.+q

A rotational band is associated with each intrinsic
configuration of deformed nuclei. Much of our under-

standing of the structure of rapidly rotating nuclei is de-

rived from the study of the crossings between such rota-
tional bands (traditionally called "backbends"' ). Most
band crossings are associated with the excitation (often
termed "alignment" ) of a pair of quasiparticles (see,
however, Yang and co-workers ) Suc.h quasiparticle
excitations depend on the existence of pair correla-
tions. In the presence of pair correlations the com-

pletely paired intrinsic ground state of a nucleus with

many valence particles can be described as a "conden-
sate, " or vacuum, composed of the superposition of a
large number of 0+ pairs. (The quasiparticles are the
basic excitations with respect to this vacuum configura-
tion. ) In the absence of pair correlations this condensate
is nonexistent. Therefore, the excitation of a pair of
quasiparticles associated with a quasiparticle band cross-
ing disappears in a manner analogous to the disappear-
ance of the enhanced two-particle transfer between
correlated nuclear ground states. Indeed the occurrence
of such "quasiparticle band crossings" has been suggest-
ed6 and used ' as a test for the existence of static
nuclear-pair correlations at large angular momentum.

The absence of pair correlations, however, does not ex-
clude band crossings. Not only can band crossings occur
based on the crossing of single-particle (not quasiparti-
cle) levels, but a pair of particles with quantum num-
bers" summing to (tr=a) =(+,0) can replace another
(+,0) pair of particles. The first observation of this
latter type of "unpaired crossings" is reported in the
present Letter.

The advent of large arrays of Compton-suppressed
germanium detectors have extended high-spin spectro-
scopic studies into the region where static pair correla-
tions are quenched. ' ' The rotating-frame excitation

energies (Routhians) e' are shown in Fig. 1 as a func-
tion of the rotational frequency hen, for two of the
isotopes, ' Ers1 (Refs. 13-15) and ' Er92 (Refs. 16 and
17), that have been established to the highest spins. In
such plots, band crossings (i.e., changes in the intrinsic
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FIG. l. Experimental Routhians (Ref. 3) for high-spin de-

cay sequences (hcv) 0.4 MeV) in 's Er (Refs. 13-15) and
Er (Refs. 16 and 17). These Routhians are referred to a

configuration with a constant momentum of inertia (Jp) of 72
MeV 'h, . The decay sequences are labeled by the appropri-
ate quantum numbers (Ref. 11) (tr, a), and the maximum ob-
served angular momentum is given for each sequence.
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nuclear configurations) show up as changes of slope.
Those observed at 0.42 & @co & 0.48 MeV correspond to
the excitation of the first pair of quasiprotons. ' ' For
hro) 0.48 MeV only a single band crossing [that at
t'tro=0. 555 MeV in the ( —,2 )& decay sequence of

Er] is observed though several bands are established
to hen&0. 65 MeV. This is the only candidate for a
"quasineutron band crossing" above Am, =0.37 MeV
(see Fig. 2).

Such systematics diA'er both with the general expecta-
tions ' and detailed calculations' ' of quasineutron
excitations for such nuclei. "Quasineutron band cross-
ings,

*' corresponding to the excitation of pairs of both
negative-parity (mixture of h9/2 and f7/2) quasineutrons
and additional pairs of i13/2 quasineutrons in configura-
tions not yet excited, are expected to occur' in the pres-
ence of sizable static neutron-pair correlations. Neither
can the selective occurrence of the crossing at
hro =0.555 MeV in the ( —,—,

' ) decay sequence of ' Er
(see Fig. l) be explained by the alignment of a pair of
quasineutrons ' or quasiprotons.

The observed band-crossing systematics, however, can
be explained in the absence of static neutron-pair corre-
lations. The scheme of single-neutron levels that give

such band crossings is shown in Fig. 3. This level dia-
gram also has the general features expected' ' ' for sin-
gle-neutron states in this mass region: (i) highly aligned
(i.e., large negative sloped) positive-parity levels; (ii) less
aligned negative-parity levels; (iii) larger energy splitting
between opposite signatures of positive-parity levels than
for negative-parity levels; and (iv) a lowering of the
a =

2 single-neutron levels relative to those with
a= ——,'. Though the detailed single-neutron spectrum
of states depends on the particulars of the deformations
and the parametrization of the nuclear potential, the
general features for this mass region stated above only
require a basically prolate nuclear potential, a sizable
spin-orbit splitting and the Fermi level in the lower por-
tion of a major shell. These requirements are expected

(
—E (+, i/2) ~ E(+,- 1/2)

= E ( -, 02)a E (-,- 1/2)1

I 59E

3
4

unpaired

neutron crossing

quasiproton

crossing

(~, 1/2) (-, 1/2)

l60E
92

(+, 1/2) ~

(-)-i/2)
~

(-, i/2), --—
(- -i/2) (-, /2) (-,- /2)

quasineutron

crossing
(&, i/2)

(- - i/2)
&

— —+—

(-, i ) (-,0) (i 0) (-, I ) (-,0)

(-, /2) ( /2) (~ 1/2) ( I/2)

)59
9I

FIG. 2. Summary of band-crossing frequencies Aco, for the
observed crossings in the decay sequences of "Er (Refs.
13-15) and '~Er (Refs. 16 and 17). Crossings corresponding
to the excitation of the lowest (AB) and second-lowest (BC)
pair of quasineutrons are denoted by filled circles and open tri-
angles, respectively. Those corresponding to quasiproton
(ApB~) alignments are given as squares, and the proposed un-

paired neutron crossing is shown as an open circle. The fre-
quency range of the experimental data for each configuration is

indicated by the vertical lines. No band crossings are observed
for Aco &0.2 MeV.

FIG. 3. The scheme of single-neutron levels that in the ab-
sence of neutron pair correlations give the observed band cross-
ing in the lowest ( —,—,

' ) decay sequence of ' Er and in no

other observed decay sequences of ' Er and ' Er is shown in

the upper portion. A similarity to calculated single-neutron
levels for this mass region (e.g. , Refs. 12, 21, and 22) is noted.
The explicit occupation is shown for the various low-lying

configurations at the specific frequencies indicated in the lower

portion of the figure. The exchange of the occupation of the(, g )2 and ( —,——,
'

)~ orbitals with the (+, —,
' ) and

(+, ——,
' ) orbitals for the lowest-lying ( —,—,

' ) sequence in

Er is associated with the observed band crossing in this de-

cay sequence (see Fig. 1).
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to be satisfied in this mass region.
The band crossing in the ( —,—,

' ) decay sequence of
Er9~ is based on the exchange of a pair of neutrons in

the levels labeled ( —,——,
' ) t and ( —,—,

'
)2 at smaller ro-

tational frequencies with the pair labeled (+, —,
' ) and

(+, —
—,
' ) at larger values of @co. Since both pairs cou-

ple to (tr, a) =(+,0), the parity and signature of the de-

cay sequence remains unchanged. This crossing occurs
at the rotational frequency where the condition,

e'(+, —,
' ) +e'(+, —

—,
' ) =e '( —,——,

' ) )

+e'( —,—,
'

)2

is satisfied.
The weak interaction (sharp "backbend") observed

between the crossing bands at @to=0.555 MeV in the
( —,2 ) decay sequence supports the unpaired band-

crossing interpretation described in the preceding para-
graph. Interaction strengths between bands differing by
two quasiparticles increase with both increasing rotation-
al frequency and decreasing pair gap. 3 Therefore, even

though a weakly interacting high-frequency band cross-
ing is not excluded, it is unlikely. Indeed, sharp back-
bends are rare among the higher-frequency crossings
corresponding to the excitation of the second (or higher)
pair of quasineutrons (or quasiprotons).

The absence of a similar crossing in the ( —,——,
' ) de-

cay sequence of ' Er, based on the exchange of the
( —,—,

' )~-( —,——,
'

)2 neutron pair at lower @to with the

(+, —,
' )-(+, —

—,
' ) pair at higher hta indicates that the

( —,—,
' ) ~ single-neutron level must lie somewhat lower in

energy than the ( —,——,
' )t level. Indeed, a significant

splitting in energy is predicted for this configuration in-

dependent of sizable variations of the deformation and
nuclear potential. ' ' ' Such a crossing does not occur in

the (+, —,
' ) decay sequence of ' Er and all established

sequences of ' Er because of the (+, —,
' ) neutron level is

occupied below the band-crossing frequency. Thus the
exchange of the (+, —,

' )-(+, ——,
' ) pair with a less-

aligned pair of negative-parity states coupled to (+,0) is
"blocked. "

Additional information on the spectrum of single-
neutron states is contained in the crossing between the
(+,0) and the ( —,I) and ( —,0) sequences of ' Er at
the largest values of Ace, see Fig. 1. These crossing be-
tween sequences with different quantum numbers can be
attributed to the crossing of the single-neutron level la-
beled (+, —,

' ) with those labeled ( —,—,
'

)2 and ( —,——,
'

)2
(see Fig. 3). Indeed, the occurrence of such crossings of
sequences with different quantum numbers are a neces-
sary condition for the spectrum of single-neutron states
required to explain the single selective unpaired band
crossing based on an exchange of a pair of particles with
quantum numbers coupling to (tr, a) =(+,0), described
in the preceding paragraphs.

In summary, the lack of systematic intraband band

crossings and the selectivity of the singularly observed
neutron crossing at A, m & 0.37 MeV indicate that static
neutron-pair correlations are too weak at these rotational
frequencies to allow the excitation of a pair of quasineu-
trons. The pattern of large-frequency crossings, howev-

er, can be understood in terms of the expected spectrum
of single-neutron states in the absence of static pair
correlations. Furthermore, such data yield specific,
direct information on the single-particle spectrum of
states, e.g. , in the present case, the rotational frequency
where the condition given in Eq. (I) is satisfied. Such
specific information on the spectrum of states is very sen-

sitive to, for example, the details of the nuclear shape
and nuclear potential and other possible correlations.
Likewise, the interaction strength between unpaired
band crossings is an interesting quantity, since such in-

teractions are the basis of rotational damping. Indeed,
improved knowledge of such quantities through the mea-
sured spectrum of single-particle states will be the result
of the spectroscopy of unpaired nuclei which is just now

starting.
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