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A B S T R A C T

A comprehensive study of odd-A rotational bands in normally-deformed rare-earth
nuclei indicates that a large number of seniority-one configurations (30% for odd-Z nuclei) at
low spin have moments of inertia nearly identical to that of the seniority-zero configuration of
the neighboring even-even nucleus with one less nucleon. It is difficult to reconcile these
results with conventional models, based on the traditional picture of nuclear pair correlation in
vogue for more than three decades, which predict variations of about 15% in the moments of
inertia of configurations differing by one unit in seniority.

More than thirty years ago Bohr, Mottelson and Pines1 suggested that short-range
pairing interactions may be responsible for the observed reduction of the moment of
inertia of deformed nuclei compared to that of a rigid rotor. Shortly afterwards, this
expectation was confirmed by the first detailed application of the BCS pairing theory2 to
nuclei3. A consequence of this interpretation is that the moments of inertia associated
with one-quasiparticle states in odd-A nuclei should be larger than that of the ground-
state configurations of the neighboring even-even nuclei4.

Therefore, the recent discovery5 of superdeformed rotational bands in several6"**
odd- and even-mass nuclei differing by a single nucleon that have identical y-ray
transition energies to within a few keV, has received a great deal of attention.
Explanations of these "identical bands" (IB) range from a simple, "accidental"
cancellation of the various terms associated with the contributions of the valence
nucleons to the moment of inertia,9'10 to strong-coupling of pseudo SU(3) orbitals to the
even-even core,11 and finally, to a suggestion of rotational alignment of pseudospin6-7.
All these explanations assume that the largest contributing factor to the odd-even
difference in the moments of inertia, namely the pair force, is substantially weakened for
high-spin superdeformed states. However, these scenarios would fail to explain identical
bands at low spin, where the blocking of the pairing contributions of the odd nucleon is
predicted to reduce the nuclear superfluidity, thereby increasing the moment of inertia of
an odd-A nucleus by about 15% for rare-earth nuclei3'12. (Recent reports of IB's in
nearby even-even nuclei13-14 compare bands which have the same number of
quasiparticles and, thus, do not probe the effects of blocking on moments of inertia.)

This work reports a systematic comparison of nearly two hundred odd-A bands in
normally-deformed rare-earth nuclei with their neighboring even-even isotone or isotope
having one less neutron or proton. The difference in the moments of inertia of the
neighboring odd-Z and even-even isotones is <2% for the low-spin part of nearly 30%
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of the bands. This is much smaller than the expected 15% increase. Such data present a
serious challenge to the traditional picture of monopole pairing correlations which has
been in vogue for more than three decades. In order to characterize this unexpected
result, the Z, N, configuration, and excitation-energy dependence of the normally-
deformed identical bands were investigated.

As an example, the decay sequences of three "identical bands" in 17 iLu are
compared in Fig. 1 with a rotational core defined by the yrast sequence of 170Yb, the
neighboring isotone with one less proton15. The variations between the transition
energies of the [404]7/2 band in 171Lu and the corresponding values in the 170Yb core
(shown in parenthesis in Fig. la) are small, indicating nearly equal dynamical moments
of inertia for these bands. In the context of the present paper, bands in neighboring odd-
and even-mass nuclei with nearly identical moments of inertia are termed "identical".
Since bands which have identical moments of inertia have constant alignments, i,
constancy of alignment has been used as a signature for identifying identical bands.

(Alignment is defined as the difference in spin at constant Y-ray energy.)

The alignments of the [404]7/2, [402]5/2, and [514]9/2 single quasiproton bands
in 171Lu are shown in Fig. lc. The alignments for all three configurations remain nearly
constant, indicating that all these seniority-one (i.e., one-quasiproton) configurations have
nearly identical moments of inertia to that of the seniority-zero yrast configuration of
170Yb. In Fig. lb, the plots for the [404]7/2 and [402]5/2 configurations of 171Lu and the
yrast configuration of 170Yb fall on nearly identical curves, resulting in nearly zero
alignments. In contrast, the [5J4J9/2 plot parallels the 170Yb curve, but is displaced
upward by an average alignment of iav = 0.93 fi.

Values of the average alignment, iav, and the variation of i relative to iav, V(/),
expressed as a percentage, have been extracted for 174 single-proton bands with Z = 67-
77 and N = 90-110 for which spin, parity, and configuration assignments exist in data
bases15-16 Explicitly, V(0 is defined as:

(1)(

where (AEy)n represents the difference in the energies of the two stretched E2 transitions
that populate, (EY)n+i, and deexcite, (Ey)n, the nth member of the rotational band. N, the
total number of transitions in each band, varies from 3 to 14. While the first term in the
above summation measures the constancy of the alignment curve, the second term
ensures that the contributions of the low- and high-spin members of the band receive
equal weight. The signature partners of K=l/2 bands, which have a large signature
splitting, were analyzed separately. The average alignments, iav, and the corresponding
percentage variations, V(/), for the 52 bands with an alignment variation of < 1% are
displayed in Table I as a function of Z, N, and Nilsson configuration. The last three rows
of the table show, for each of the listed configurations, the number of bands analyzed, the
average variation, and the percentage of the bands with alignment variations of less than
1%. Surprisingly, 30% of the bands analyzed have alignment variations of less than 1%,
and nearly 12% have alignment variations of less than 0.5%, comparable to the variations
of the best examples of the superdeformed identical bands. The occurrence of IB
becomes even more prevalent if configurations that contribute large terms to the moments
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Fig. 1. (a) Level scheme for the [404]7/2 configuration in ^ L u . The corresponding transition
energies for the ^Oyj, "core" are given for comparison in parenthesis below the l ^ L u transition energies.
(b) Comparison of the distribution of spin as a function of gamma-ray transition energy for a variety of
seniority-one configurations in l ^ L u a nd the J I [404]7 /2® 7i[402]5/2 configuration in ^^Hf with that of
the ground-state band in l ^Yb . (c) Alignment plots of the seniority-one and-two configurations shown
in Fig. lb relative to the ground-state band of the * '"Yb as a function of the gamma-ray energy.

of inertia (e.g., [660] 1/2 or [541] 1/2) and nuclei with N < 93, which are easily polarized
by the valence nucleons, are omitted from the analysis. Indeed, there is a clear increase
in the tendency to encounter IB for nuclei with N > 100. These nuclei are among the best
rotors and have stable P2 deformations. A preliminary analysis of odd-neutron rare-earth



Table 1. Average alignment, iav> and percent variation in alignment, V(i), of
rotational bands with alignment variations V(i) < 1% as a function of element, neutron
number (N) and Nilsson asymptotic quantum numbers. Dashes indicate known bands
with V(i) > 1%. The last three rows give the total number of bands analyzed, the average
alignment variation, and the percentage of the known bands with V(i) < 1% for each
configuration.*

Element
N

67H o 90
94
96

69Tm9O
92
94
98

100

71L u 92
94
96
98

100
102
104
106

73Ta 98
100
102
104
106
108

75Re 102
106
108
110

T7b 98
100
108

[402)5/2

-0.17,0.6
-0.04,0.6
-0.06,0.7
•0.05,0.8
-0.20,0.4
-0.05.0.2
0.12,0.8

•0.03,0.6
•0.07.0.2
•0.22,0.5
0.00,0.2

0.06,0.5
0.02,0.4

-

Total # of Bands 27

Average V(i)

Freq. as IB

2.8

48%

[4O4J7/2

0.07,0.4
0.40.0.9
0.32.0.8

036.0.S
0.03.0.5

0.13.1.0
0.06,0.3

036.0.5
0.18,0.7

0.04,0.2
-0.08,0.1
-0.02.0.4
-0.03.0.1

-0.18.0.3
0.13.0.6
002.0.2

24

0.9

67%

[411(1/2

0.25.0.5

0.63,0.7

•0.59.0.3

23

2.9

13%

[41.1)3/2

-0.20,0.8

-

6

2.6

17%

(541)1/2

-

1 
I 

I 
I

I 
I 

I 
I 

I 
I

Z7.0.8

3.2.0.8

3.4,0.2

2.9,0.8
| 3.2,0.8
1 4.1,0.6

41

5J

15%

152317/2

1.1,0.8

1.9,0.7
1.2.0.8

11

3.8

27%

(514)9/2

0.93,0.6
0.38.0.1
0.15,0.1
0.41,0.5

0.!7,0.6
0.64.0.9
0.58,0.8

0.40.0.4
0.31.0.4

-

26

3.2

35%

[505)11/2

1.6.0.7

3

U

33%

•No IB are observed in 7 occurrences of ihe [660] 1/2 configuration having an average V(i) of 5.9.

nuclei indicates that though many neutron-based identical bands with similar
characteristics exist, their occurrence is less frequent than those based on protons.



The clearest trend emerging from this study is the fact that 56% of the observed
identical bands arise from the deformation-aligned [404J7/2 and [402]5/2 orbitals. Nearly
60% of the bands based on these orbitals fall into the IB category. In contrast, the
percentages of the rotational-aligned identical bands are 15% and 0% for the [541] 1/2 and
[660] 1/2 orbitals, respectively. Indeed, deformation- and rotational-aligned bands, which
exert opposite polarizing forces experience, respectively, the smallest and largest
susceptibility to alignment. These two factors strongly influence the moments of inertia.
However, such systematics may also be associated with configuration-dependent short-
range interactions.

An examination of the frequency of the IB as a function of the excitation energy
of the bandhead reveals that about 57% of the bands with alignment variations of less
than 0.5% have excitation energies of less than 100 keV. However, this lopsided
distribution is a result of the large density of the deformation-aligned orbitals near the
Fermi surface in this region. Indeed, the average value of V(j) for the deformation-
aligned [402]5/2, [404]7/2, and [514]9/2 orbitals is nearly independent of the band-head
energy. This result is counterintuitive in that the largest contributions to pair correlations
are from orbitals near the Fermi surface, whose occupation should produce the largest
effect on nuclear superfluidity and, hence, the largest variation in the moment of inertia.
It also is noted that adopting as a core either the even-even isotone having one more
proton, or an average of the two neighboring even-even isotones produces substantially
fewer identical bands. Indeed, such systematics also are counter to the expectations of a
paired system, which would require comparison with the average of the neighboring
isotones.

Perhaps the strongest challenge to the conventional BCS theory of pairing comes
from identical bands differing by two quasiparticles. The K71 values of these excited
bands in the seniority-two systems suggest the involvement of the two orbitals that also
give rise to identical bands in the neighboring seniority-one systems. For example, the
KK = 6+ identical band in 172Hf is consistent with the coupling of rc[404]7/2® TI[402]5/2
configuration to the 170Yb core. Indeed, the systematic occurrence of seniority-two
K* = 6+ identical bands in 172-178Hf (iav = -0.42, -0.57, -0.02, and -0.12, respectively)
coincides with the occurrence of [404J7/2 and [402]5/2 identical bands in the
neighboring odd-A 171-177LU nuclei (see Table I). Analogous to 192Hg, 170Yb acts as a
core for many of the seniority-one and -two identical bands in its neighboring nuclei.
Other examples of nearly identical bands which may be built around the 170Yb core
include the {v[521] 1/2 <g> v[512]5/2} configuration in i^Yb (K* = 3+ iav = 1.3), and the
{v[521]l/2<g> TT[404]7/2) bands in 172Lu (K* = 3", fav = 0.6; K* = 4", fcv = 1.1). (The
similarity of the Kn = 4~ band in 174Lu and the [404]7/2 bands in the neighboring
173,175LU nuciei has been noted previously17.) The systematic existence of seniority-
zero, -one and -two configurations with identical moments of inertia defy the
conventional interpretation of moments of inertia in terms of the mean-field approach.
Such configurations must have significantly different pairing correlations and, therefore,
for an occupation of two quasiparticles are expected to exhibit as much as a 30%
increase in their moments of inertia.

To further investigate the deformation dependence of IB, bands with A=130 [Ref.
18] having deformations of ($2 = 0.35 (i.e., intermediate between thar of normally-
deformed and superdeformed bands) were also examined. Two identical Lands based on
neutron excitation, 132Ce - 136Nd (V(z) = 0.14%) and 135Nd - 136Nd (V(i) = 0.2%), were



identified. Because the spins of these bands are not known, only their incremental
alignment Mod(/,2) = 1.8fi and 0.67# respectively, could be determined. The existence of
identical bands at a variety of deformations is a clear indication that these bands are not
critically linked to the 02 (° r P4) shape parameters via any yet-to-be discovered
symmetries. Rather, large, stable quadrupole deformations may simply facilitate their
occurrence.

An important question raised in connection with the superdeformed IB's is
whether or not their alignments are integer7. In contrast to the superdeformed cases, the
spins, excitation energies, and configurations of the identical bands studied here are
known, allowing unambiguous determination of their alignments. In view of the
common occurrence of the IB's based on a variety of configurations and at various
deformations, it is doubtful that any microscopic mechanism based on accidental
cancellations 9«10 can provide a viable explanation. Therefore, we compare the
alignments shown in Table I with predictions of two phenomenological models which ob
ovo assume identical moments of inertia for the core and the neighboring odd-A systems.
In the strong-coupling limit of the particle-rotor model, alignments of the K=l/2 bands
are given as 2/ = (-l)*"1/^ a> where I is the spin and a is the decoupling parameter.
Relative alignment is zero for the K^l/2, jstates. In the pseudo SU(3) model and its
phenomenological variants that invoke L-S coupling to explain alignments of the
identical bands, / =± 0.5 h for the normal-parity seniority-one bands relative to their
even-even cores. The seniority-two bands in the pseudospin-one (§=1) state have an
alignment of lfi. relative to their seniority-zero configurations. (The "triplet pairing"
scenario suggested in Refs. 6,7 postulates that integer alignments may result from t h e ^ l
state of the vacuum.) The intruder orbitals fall outside the scope of this model.

Alignments of the normal-parity orbitals, and in particular the [402]-[404]
pseudospin doublets, provide a unique opportunity to clearly distinguish between the
strong-coupling, the pseudo SU(3), and the "triplet pairing" scenarios which give,
respectively, /= 0, 0.5, and 1 h for the K*l/2 orbitals. Barring a few exceptions, the
observed alignments shown in Table I are in good accord with the predictions of the
strong-coupling scheme, and provide no evidence for quantized alignments of 0.5 or 1 ti.
The fact that constant alignments: (i) exist for both normal-parity and intruder states, (ii)
are generally nonquantized, (iii) are present at very low frequencies, and (iv) are
occasionally negative (e.g., / = - 0.5 ft for the lowest K* = 6+ bands in 172«174Hf) argues
against rotational alignment of pseudospin as a general explanation for IB's. Nearly all
the N=5 identical bands exhibit (non-quantized) anomalous alignments. Within the
panicle-rotor model, these alignments arise naturally from the mixing of the highly
alignable [550] 1/2 intruder orbital into the [523]7/2, [514]9/2, and [505] 11/2 Nilsson-
model states by the Coriolis force. The particle-rotor model, however, is not able to
describe the experimental alignments quantitatively.

In summary, a systematic analysis of more than 200 one- and two-quasiparticle
bands in the rare-earth region reveals an anomalously large number of identical bands
(30% for odd-Z nuclei) at low spin and normal deformation. The existence of the
identical bands at deformations intermediate between normal and superdeformed was also
established. The frequent existence of identical bands for an extended range of
deformations (varying from p2 = 0-25 to 0.6) indicates that such occurrences are not
restricted to the domain of superdeformed nuclei. The systematics of the identical bands
suggest that they share a common basis and that the large stable deformation and the



weaker pairing correlations of the superdeformed bands simply facilitate the
manifestation of this phenomenon. The alignments of these bands in normally-deformed
nuclei, unambiguously determined, are not quantized, and do not seem to be the result of
the rotational alignment of pseudospin. It is doubtful that any of the conventional mean
field theories can explain the origin of these bands or the systematics of their alignments.
In particular, the reduction of the BCS pairing correlations due to the blocking of one and
two orbitals implies large changes (up to 30%) in the moments of inertia and cannot be
reconciled with these systematics. Likewise, both the lack of a dependence of IB's on the
bandhead excitation energy and the fact that IB's are nearly always observed for an odd-A
nucleus and the even-even system widi one less particle instead of the average of the two
neighboring even-even systems are counterintuitive to pair correlations. It remains to be
seen whether extensions of the present mean field theories will succeed in accounting for
the data, or whether a new, fresh approach to account for short-range interactions is
necessary.
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