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One of the superdeformed rotational bands in '**Hg has transition energies (rotational frequencies)
that are equal within about 0.1% to those of the (only known) band in '">Hg. This excited (two-
quasiparticle) band in '**Hg has an aligned spin of (1.00+0.04)# relative to the very similar band in
'92Hg, suggesting an interpretation in terms of aligned pseudo (intrinsic) spin. The implied pseudospin
symmetry may be a clue as to why the rotational frequencies are so similar.

PACS numbers: 21.10.Re, 21.60.Fw, 24.70.+s, 27.80.+w

One of the most remarkable properties so far
discovered of rotational bands in superdeformed nuclei is
the extremely close coincidence in the energies of the
deexciting y-ray transitions (or rotational frequencies)
between certain pairs of bands in different nuclei.'> In
the example reported here, the transitions of an excited
band in '"*Hg are within about 1 keV of those of the
yrast band of '"?Hg over a spin range of 204. (The term
“band” in this Letter should be understood to mean *‘su-
perdeformed band.”) This is an equivalence of the fre-
quencies to within about 0.1%, which is much smaller
than the kind of similarities we could expect, or hope to
calculate, using present models of rotating nuclei. This
seems so unlikely that, as an isolated case, one might
think it is accidental, but the two cases very recently re-
ported in the mass-150 superdeformed region' suggest
this may be a relatively common feature of superde-
formed nuclei. These near degeneracies in the frequen-
cies of different bands suggest that there may be some
underlying symmetry, which is not well understood. The
present Letter will describe these unusual properties and
examine some possible implications.

The Hg data having these striking properties are
shown in Fig. 1, with transition energies listed in Table I.
The first of the three spectra shown is for '"?Hg, and
represents the strongest (presumably yrast) band in that
nucleus.>* The lower two bands (called *“band 2” and
“band 3”) are weakly populated bands in '"*Hg and
presumably correspond to excited two-quasiparticle
bands, since there is a (3 times) more strongly populated
band in '"*Hg (not shown here) that is the likely yrast
band.>® These energy regularities are already apparent
in Fig. 1. First, and most remarkable, the transition en-
ergies in the upper part of band 2 are virtually identical
to those in the '"2Hg band. It is also apparent, on closer
inspection, that the energies of band 3 fall very close to
the midpoint energies of adjacent transitions in band 2,
strongly suggesting that these two bands are signature

© 1990 The American Physical Society

partners, and thus comprise a single “strongly coupled”
band. This, of course, implies that the band-3 energies
also fall very close to the midpoint energies of the '*’Hg
yrast band.

The similarity of the transition energies in the upper
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FIG. 1. Rotational spectra of (a) '?Hg; (b) '**Hg, “band
2”; and (c) '"*Hg, “band 3.” The spectra are all double-gated
(triple coincidences): (a) required the indicated gate plus any
other in the band; (b) and (c) required any two of the transi-
tions indicated by g in Table I.
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TABLE . Rotational transition energies. g denotes gate
transitions for the spectra in Fig. 1.

°?Hg Band 2 Band 3

I, E, I, E, I, E,
10 214.6 10 201.2
12 257.7 13 262.7 12g 242.7
14 299.9 15 302.9 14 283.5
16 341.1 17g 343.2 16g 324.4
18 381.6 19 382.1 18g 363.6
20 420.8 21g 421.1 20g 402.5
22 459.1 23g 458.9 22g 440.9
24 496.3 25g 495.1 24 478.2
26 532.4 27g 531.6 26 514.8
28 567.9 29 566.9 28 550.1
30 602.3 31 601.6 30 585.4
32 635.8 33 635.6 32 619.8
34 668.6 35 668.7 34 652.3
36 700.6 37 701.7 36 685.0
38 732.1 39 733.3 38 717.4
40 762.8 41 762.1 40 747.2
42 793.4 43 (792.8)

part of band 2 to those in '*’Hg is illustrated in Fig. 2,
where the difference in transition energy between these
two bands is plotted against frequency (5 the transition
energy). In addition, we have plotted the difference in
transition energy between band 3 and the average (mid-
point) of the transition energies in '"Hg. The average
agreement of the last ten transitions in both bands 2 and
3 with those of '"?Hg is less than 0.5 keV—incredibly
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FIG. 2. The difference in the energy of the transitions in
bands 2 in '"*Hg (circles) from those of the band in '*?Hg is
plotted against the rotational frequency. The squares are the
differences of the band-3 energies from the midpoints of the
'92Hg energies. The error bars indicate experimental uncer-
tainties.
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small. This region of close similarity occurs after rela-
tively large differences in the lower-frequency region of
the bands.

Another very important property of these bands is
their spin. In previous®> publications we have developed
a method to determine the spins in these Hg superde-
formed bands based on the relative energy spacings. In
this method the J® moment of inertia (J¥=dI/dw
=4/AE,) is fitted by a power-series expansion in w2
which is then integrated to give the spin. Without any fit
to, or requirement on, the spin values, the rms deviation
of the calculated initial spins from the integers given in
Table I is 0.05A. Since the spins in even-mass nuclei
must be integers, this provides rather convincing evi-
dence that they are correctly determined— any missing
alignment would (accidentally) have to be an integer to
this accuracy. It is surprising that it is the odd-spin se-
quence (band 2) that has transition energies nearly iden-
tical to those (of the even-spin sequence) in '?Hg. This
behavior, together with the lower-frequency rise in Fig.
2, can be explained as a spin-alignment effect.

In Fig. 3 the angular momentum alignment of bands 2
and 3 in '"*Hg relative to the '®’Hg band is plotted
against the rotational frequency. This alignment is
determined by subtracting from the (initial) spin of a
transition in band 2 or 3, the (initial) spin of a '*’Hg
transition of the same frequency (obtained using an in-
terpolation procedure). It is again apparent that bands 2
and 3 form a common sequence whose aligned angular
momentum, relative to '>Hg, starts out as about 0.6%,
but becomes (1.00 =0.04) A over the last half of the ob-
served band (frequencies above 0.2 MeV). This is a
priori a totally unexpected result, since aligned angular
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FIG. 3. The alignments (see text) of band 2 (circles) and
band 3 (squares) in '**Hg relative to the band in '*’Hg are
plotted against the rotational frequency.
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momenta need not be integers; however, a near-integer
value is implied by the very similar transition energies
and the integer angular momentum values in even-mass
nuclei.

The only plausible explanation we have thought of for
such a behavior is that the intrinsic spins (+ A each) of
the two extra neutrons have aligned with the rotation
axis, while the orbital angular momentum remains
strongly coupled to the nuclear symmetry axis. Al-
though such behavior seems quite astounding, it was pre-
dicted in surprising detail by Bohr, Hamamoto, and Mot-
telson’ seven years ago and is related to the concept of
pseudospin.®® The large spin-orbit force in nuclei causes
a high-j orbital from each harmonic-oscillator shell to
drop down into the next lower shell, and a corresponding
orbital from the next higher shell to come into the energy
range considered. For example, in the V=35 shell, the
h 1> orbital drops down into the N =4 shell and the i3,
orbital from the N =6 shell comes into the energy range
of the N =5 shell. The different parity of the i3/, orbital
isolates it from the remaining N =35 orbitals, leaving a
rather closely spaced group of odd-parity orbitals that
can be reclassified as a complete “pseudo” N =4 shell.
Thus, for example, f7/» and hg/; subshells can be
reclassified as a pseudo g7/29/2 pair. This concept is use-
ful for deformed nuclei because the deformation
preserves the approximate degeneracy of the pseudospin
partners.

The important result for the present case is that the
pseudo spin-orbit coupling is very small. This occurs be-
cause the mixture of parallel and antiparallel couplings
of the intrinsic spin to the orbital angular momentum
(e.g., f7/2 and hoy)) leaves very little residual (pseudo)
spin-orbit coupling. Thus, in this scheme it should be
easy to align the pseudo (intrinsic) spin, leaving the
pseudo orbital angular momentum (/) strongly coupled
to the symmetry axis. Nazarewicz'® has used pseudo-
spin to explain the properties of a K=1% band that
might be involved in the superdeformed mass-150 region,
but the spins are not known in that case. In the present
example an alignment of rather precisely + 1A seems
clear, providing some reasonably direct evidence that
pseudospin may be involved in these very similar bands.
However, while pseudospin can provide a natural ex-
planation for this “quantized” spin alignment, it cannot
explain the absence of expected changes in the moment
of inertia due to other effects.

Although such pseudospin alignment was predicted in
Ref. 7, there are some problems in the details of the
present case. First, although a single particle (or hole)
in a pseudospin-partner system (two doubly degenerate
orbitals) can result in aligned (+ +#) bands having
both signatures, two particles in such a system will pro-
duce only one aligned (+14) band and it has signature
zero (even spins). Since our experimental situation has
two quasiparticles and bands of both signatures, there

must be two pseudospin-partner systems involved. This
is not a serious problem since virtually all the normal-
parity orbitals belong to such pairs, and moving a parti-
cle from one of the top (antialigned) levels of a filled
pair to one of the bottom (aligned) levels of an empty
pair will produce (two) bands with alignment +1# and
both signatures.

A second problem is that the alignment is not quanti-
tatively borne out by recent cranked-shell-model calcula-
tions (e.g., Ref. 11). The levels of interest are probably
the two pairs of levels: [5121%, [514]1 % (empty) and
[642]1 3, [6401 + (full). In the pseudospin notation,
these become [413]13,7 and [54113, %, respectively.
To conform with the alignment of the pseudospins only,
the pseudospin partners would need to be very close to-
gether, with an average (pseudo-/) alignment of zero,
and individual alignments initially zero but developing
into + § A as w increases. The qualitative behavior'' of
these orbitals is much like that required above, but the
+ $ h individual alignments do not develop for either
pair in the required frequency range (0 < < 0.2 MeV)
and the pseudo-/ alignment is significant for both pairs.
The lack of the pseudospin alignment in the calculation
comes about because the pseudo spin-orbit splitting is
quite appreciable— about 0.5 MeV for both of the above
pairs, whereas the experimentally observed alignment
curve (Fig. 3) would require it to be around 0.1 MeV. It
seems that rather minor changes might be able to solve
that aspect of the problem since the pseudo spin-orbit
coupling is the small difference of rather large quantities.
However, the orbital alignment at @ =0.4 in the calcula-
tion'' is about —0.24 for the [413] pair and about
+0.35A for the [541] pair, and why a net (and chang-
ing) / alignment does not show up in the experimental
data is less easy to understand. There are, of course,
other changes—in size (mass), deformation, and
pairing— which we also would expect to affect the ob-
served moments of inertia but do not appear to do so.

If we try to estimate the changes in the moment of in-
ertia (i.e., in the frequencies or transition energies at a
particular spin) caused by addition of a particle in a
normal-parity orbital, it turns out to be of order 1%.
The overall fluctuation in the moment of inertia for
different configurations is of order 10%, but most of that
comes from states having different configurations for the
intruder orbits. Since most of the superdeformed bands
known in the mass-150 region are believed to differ in
the configuration of the intruder orbitals, we are able to
understand the different frequency behavior (i.e., the ab-
sence of very similar bands) previously observed there.
In the Hg region, '*'Hg has a frequency behavior'? rath-
er different from the heavier Hg isotopes, and is also be-
lieved to have a different intruder orbital configuration.
A particle in a normal-parity orbital would be expected
to produce an effect on the frequency that is nearly an
order of magnitude smaller than that of the intruder or-
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bitals, i.e., of order 1%, whereas, the observed cases
(three out of perhaps twice that number known) are 10
times smaller than that. It is the absence of effects in
the 1% range (for example, the expected 4> mass
dependence of the moment of inertia) that is so puzzling
in these cases, and about which we will speculate briefly.

The fact that we can see these extremely similar bands
must imply very weak pairing, particularly for the neu-
trons. The addition of two neutrons to '"’Hg appears to
produce a low-lying two-quasiparticle band in which the
moment of inertia is not at all affected (except by the
alignment of exactly one unit of angular momentum).
These neutrons must block levels near the Fermi surface
in '*Hg, and the lack of any effect on the moment of in-
ertia seems to indicate very weak or absent pairing. This
is not so surprising in superdeformed nuclei, particularly
for spins above about 20A. It seems very likely that
unusually weak pairing is one of the reasons this new
type of behavior can be observed (i.e., is not obscured).

An additional clue about the physics producing these
nearly identical frequencies in bands of different nuclei
comes from the spin-alignment effects, which suggest
that pseudospin [and perhaps pseudo SU(3)] is a more
exactly realized symmetry in these Hg nuclei than our
present calculations would indicate. This is intriguing
because such symmetries imply correlations between
Coriolis (alignment) and deformation effects which do
tend to keep the moment of inertia constant. For exam-
ple, particles in orbits that favor larger deformation also
make positive contributions to the moment of inertia.
However, the increased equilibrium deformation induced
by the occupation of such an orbit causes a counteref-
fect—increased energy denominators in the (Inglis-type)
calculation of the moment of inertia, resulting in a nega-
tive contribution to the moments of inertia. This cancel-
lation works also for orbits favoring smaller deforma-
tions. For certain harmonic-oscillator situations'3 [hav-
ing SU(3) symmetry] these positive and negative contri-
butions to the moment of inertia exactly compensate
each other, and while this will not happen in general, the
tendency will be there. Such a systematic compensation
of deformation and Coriolis effects would help to reduce
the frequency variations between superdeformed bands
—for example, the effects of the above orbital align-
ments on the moment of inertia would be partially (or
largely) compensated by slight deformation changes.
How well this might work in realistic situations is not
known at present, but it illustrates a way that the reali-
zation of pseudospin, and perhaps pseudo SU(3), sym-
metry could result in unusually similar moments of iner-
tia.

Much more work is needed to understand these very
similar bands. Additional experimental information on
bands in this region is needed; first to determine how
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general these regularities are, then to establish whether
this is really a pseudospin effect, and finally to define
unambiguously the configurations involved. Even then a
full explanation will require some new insights into the
way angular momentum is generated in nuclei. Never-
theless, it is clear we have some very tantalizing clues
into the nature of an extraordinary nuclear-structure
effect.

We are especially indebted to Ben Mottelson for a
number of illuminating discussions. Helpful discussions
with Daniel Bes and Witek Nazarewicz are also ac-
knowledged. This work was supported by the Director,
Office of Energy Research, Office of High Energy and
Nuclear Physics, Nuclear Physics Division of the U.S.
Department of Energy under Contracts No. DE-ACO03-
76SF00098 (LBL) and No. W7405-ENG-48 (LLNL).

(@Permanent address: University of California, Davis, CA
95616.

(b)present address: University of Liverpool, Liverpool, L69
3BX, United Kingdom.

()Permanent address: lowa State University, Ames, IA
50011.

@permanent address: Centre d’Etudes Nucléaires de
Bordeaux-Gradignan, Institut National de Physique Nucléaire
et de Physique des Particules, Le Haut-Vigneau 33170, Gra-
dignan, France.

©)Permanent address: Rutgers University, Piscataway, NJ
08903.

(DPermanent address: University of Kentucky, Lexington,
KY 40506.

IReported by P. J. Twin, in Proceedings of the Workshop on
the Nucleus at High Spin, Copenhagen, Denmark, 1989 (to be
published).

ZReported by F. S. Stephens, in Proceedings of the
Workshop on the Nucleus at High Spin (Ref. 1).

3J. A. Becker et al., Phys. Rev. C 41, 9 (1990).

4D. Ye et al., Phys. Rev. C 41, 13 (1990).

3C. W. Beausang et al., Z. Phys. A (to be published).

SReported by M. A. Riley, in Proceedings of the Workshop
on the Nucleus at High Spin (Ref. 1).

7A. Bohr, I. Hamamoto, and Ben R. Mottelson, Phys. Scr.
26, 267 (1982).

8K. T. Hecht and A. Adler, Nucl. Phys. A137, 129 (1969);
R. D. Ratna Raju, J. P. Draayer, and K. T. Hecht, Nucl. Phys.
A202, 433 (1973).

9A. Arima, M. Harvey, and K. Shimizu, Phys. Lett. 30B,
517 (1969).

10W. Nazarewicz, in Proceedings of the Workshop on the
Nucleus at High Spin (Ref. 1).

'I'T. Bengtsson and I. Ragnarsson (private communication).

I2E. F. Moore et al., Phys. Rev. Lett. 63, 360 (1989).

13A. Bohr and B. R. Mottelson, Nuclear Structure (Benja-
min, New York, 1975), Vol. 2.



