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Yrast superdeformed bands for even-even nuclei of the mass-190 region are described b
projected shell model. Excellent agreement with available data for all isotopes is obtained.
calculation of electromagnetic properties and pairing correlations provides a microscopic understa
of the observed gradual increase of dynamical moments of inertia with angular momentum in this
region and suggests that for superdeformation it is not very meaningful to distinguish between Co
antipairing and gradual high-j orbital alignment. [S0031-9007(97)02692-6]
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A slowly rotating nuclear system can often be cha
acterized by a fixed deformation with pairing correlatio
among nucleons. As the system rotates more rapi
these 2 degrees of freedom will be modified by the
tation. Three simple consequences may be identified:
the nuclear deformation can vary during the rotation
phenomenon known as thestretching effect[1]; (2) the
Coriolis antipairing effect(CAP) [2], which is caused by
the weakening pairing correlations across many orbit
due to the Coriolis force; and (3)rotation alignment[3],
which emphasizes an alignment along the rotation axis
a pair in an orbital particularly susceptible to the Corio
effect. All these effects can lead to a variation in mome
of inertia (MoI).

Generally, all of these effects may be expected
rotating nuclear systems, but in special cases one of th
may dominate. For example, in rare-earth nuclei t
observed sudden enhancement in the MoI associated
a backbend is typically dominated by rotation alignme
of a nucleon pair from a high-j and low-V orbital [3],
with CAP and stretching effects playing less importa
roles. However, for situations where the variation in t
MoI is gradual, the measuredg-ray energies are often
not sufficient to distinguish the effects that change t
MoI. Additional measurements of transition quadrupo
moments,g factors, or nucleon pair transfer reactions c
provide information to disentangle these contributions,
these are more difficult than energy measurements.

The situation for superdeformed (SD) nuclei is le
clear. In the SD nuclei of the mass-190 region, bo
kinematicalsJ s1dd and dynamicalsJ s2dd MoI for most SD
bands exhibit a gradual increase as a function of increas
rotational frequency, with a more pronounced increa
in J s2d. Thus, even though these are among the m
deformed nuclei, they exhibit substantial deviation fro
rigid rotor behavior as the angular momentum increas
The usual understanding is that this behavior is caused
a gradual rotation alignment of pairs from high-j intruder
orbitals [4]. There have been several approaches to
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detailed calculation of SD bands and their properties [
12]. Although these differ in particulars, a common featu
is that the rotational degree of freedom is described
the cranking method. Thus no electromagnetic transit
probabilities as a function of angular momentum have be
calculated and there has been no quantitative predictio
the angular momentum for individual SD states.

Our calculations provide a full description of the S
yrast-band spectrum, electromagnetic properties, and p
ing properties for the even-even Hg and Pb nuclei. W
illustrate with a detailed description of the SD yrast ba
of 194Hg. For this nucleus theg-ray energies have bee
measured [4,13] and the transition quadrupole mome
are known from lifetime measurements [14]. Moreove
linking transitions between the SD and normally deform
(ND) bands have been published [15,16], so that defin
angular momenta can be assigned to the SD states.
shall demonstrate that the observed angular momenta
correctly reproduced by this calculation and that a gra
ally decreasing pairing caused by a combination of
CAP effect and rotation alignment of high-j pairs is re-
sponsible for the observed smooth increase of the M
Moreover, our calculations will indicate that in the S
mass-190 region (unlike for ND nuclei) it is no longe
very meaningful to make a distinction between the CA
effect and high-j orbital alignment because the large
quadrupole-quadrupole correlations in SD systems im
that the high-j orbitals are more strongly mixed than fo
normal deformation (see Ref. [17]).

Our theoretical analysis for SD nuclei is based on t
projected shell model (PSM) [18], which has been gene
lized from its description of ND systems [19]. Th
many-body wave function is a superposition of (angu
momentum) projected multiquasiparticle states,

jcI
Ml 

X
k

fkP̂I
MKk

jwkl , (1)

wherejwkl denotes basis states consisting of the quasip
ticle vacuum, two quasineutron and quasiproton, and f
© 1997 The American Physical Society 2321
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quasiparticle states. The dimension of the quasiparticle
sis is about 100, and the deformation of the basis is fixe
e2  0.45 for all nuclei calculated in this paper. In ord
to treat heavy SD nuclei we have extended the previo
used single-particle configuration space [18,19] by a m
jor shell each for neutrons and protons. For the Nils
parametersk andm we take theN-dependent values from
Ref. [20], subject to modifications introduced by Ref. [2

We use the usual separable-force Hamiltonian
scribed in [18,19] with spherical single-particle, residu
quadrupole-quadrupole, monopole pairing, and quadru
pairing terms. The strength of the quadrupole-quadrup
term is fixed in a consistent way when the deformation
determined [19]. Lack of SD data precludes determin
the pairing interaction from experimental odd-even m
differences, so we have used the prescription introdu
in Ref. [18]: We multiply the monopole pairing strengt
GM of Ref. [19] by 0.92 to accommodate the increa
in the size of the basis for the present calculation. T
amount of reduction is consistent with the princip
described in Ref. [22]. For the quadrupole pairing
teraction GQ, a ratio C  GQyGM  0.28 is used; we
shall discuss this choice further below. This single se
interactions is used for all nuclei discussed in this pap
it works equally well for odd-A and odd-odd nuclei of the
same mass region [23]. Our wave functions are eig
states of angular momentum obtained by diagonaliz
a two-body, laboratory-frame Hamiltonian. Therefo
effects beyond the simple mean field will be contain
in the calculated expectation values, and our observa
are calculated at discrete values of the angular momen
rather than rotational frequency (see Ref. [24]).

In Figs. 1 and 2, we compare calculated transition en
gies and dynamical MoI with the available measureme
for yrast SD bands in even-even1882196Hg and1902198Pb
isotopes. The agreement with data is very good, w
even the sensitive dynamical MoI being reproduced w
The MoI rises gradually with angular momentum for
nuclei in this mass region; however, the rate of incre
(slope ofJ s2d) varies from nucleus to nucleus. The diffe
ences in slope arise from the variation of effective inter
tion strengths and band crossing spin for different nuc
which is a common occurrence in ND bands [25,26]. T
experimentally observed segments of these bands ar
stricted by the technical problem of detection devices
higher spin and decay of SD states to ND states at lo
spin. It is clear that the extension of data in known S
nuclei by even a few spin units, or observation of S
states in Pb or Hg isotopes 2 neutron numbers large
smaller than presently known, could provide strong te
of these calculations.

The angular momenta for experimental states in Fig
and 2 are those proposed by the corresponding experim
talists, but only for194Hg [15] and 194Pb [16] are these
measured quantities. For the194Hg example that we sha
emphasize, the agreement with data is excellent, with
experimental and theoreticalEg values virtually indistin-
2322
a-
at

ly
a-
n

.
e-
l
le
le
is
g

ss
ed

e
is
s
-

of
r;

n-
g

e
d
les
um

r-
ts

th
ll.
l
se

c-
i,
e
re-

at
er

or
ts

1
en-

he

guishable on the scale of the plot. For194Pb the agree-
ment between experiment and theory forEg is almost as
good, particularly in the lower angular momentum stat
This provides strong theoretical support for recently me
sured spin values in these nuclei [15,16]. This indica
also that the present model could be a powerful tool
predict unknown spins for SD nuclei. For all the nucl
studied in Figs. 1 and 2, the direct or indirect experime
tal spin assignment is supported by our calculations. T
differs from the SD nuclei in the mass-130 region, whe
for many SD bands we predict a positive shift for prev
ous (indirectly assigned) spins by up to6h̄ [18].

For 194Hg, we predict a gradually decreasingJ s2d for
the highest spins. The whole pattern forms a smo
bump with the maximum atI  42h̄. At this spin
the SD ground-state band (g band) crosses, simultane
ously, a 2-quasiproton band (pi13y2f 3

2 , 5
2 g, K  1) and a

2-quasineutron band (nj15y2f 3
2 , 5

2 g, K  1). After the
crossing, the 2-quasiproton band is lower in energy a
thus has larger weight in the yrast band forI . 42h̄. Ex-
perimentally, the first observed downturn inJ s2d for the
mass-190 region was reported for194Hg [13].

Changing the quadrupole pairing will shift the ban
crossing, thereby shifting the peak in theJ s2d curve. If,
instead of the ratioC  GQyGM  0.28 employed in
Figs. 1 and 2, we useC  0.20s0.36d, the J s2d peak for
194Hg is shifted toI  38h̄ sI  46h̄d, but theEg values
are displaced by only a few keV. Similar results are fou
for the other isotopes displayed in Figs. 1 and 2. Th
the location of the maximum inJ s2d is sensitive to the
quadrupole pairing strength, but our other results do
depend significantly on this parameter. This suggests
a systematic experimental determination of the turno
point in J s2d could provide a sensitive measure of th
quadrupole pairing in these SD states.

In Fig. 3 we show the theoretical values of the tran
tion quadrupole momentQt , g factor, and pairing gaps
(Dn andDp) for the SD yrast band in194Hg. Rather con-
stantQt [Fig. 3(a)] is found up toI ø 24h̄, with a value
of 16.8 e b that is comparable to the measured averageQt

of 17.2 6 2.0 e b [14]. Above that spin, the theoretica
values are slowly quenched in a smooth manner. Thi
associated with gradual alignment processes, leading
small reduction of collectivity. Therefore this calculatio
indicates that stretching is negligible for the range of me
sured angular momenta in the194Hg yrast band.

The calculatedg factors are presented in Fig. 3(b
There are as yet no experimental data available for co
parison. These quantities are sensitive to the alignm
of individual nucleon pairs. Proton and neutrong fac-
tors are plotted separately, as is their sum. We obse
a rather constant, small, and negative value for neutro
The behavior of the totalg factor is governed by that o
the protons, which shows a gradual increase with an
lar momentum in the rangeI  24244h̄. At I  44h̄,
the totalg factor reachesZyA ø 0.41 and saturates there
after. Theg factors suggest that the rotation alignme
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FIG. 1. Comparison of calculations with experimental data [15,30] for even-even1882196Hg: (a) g-ray energies defined by
EgsId  EsId 2 EsI 2 2d (MeV); (b) dynamical MoI defined byJ s2dsId  4yfEgsId 2 EgsI 2 2dg sh̄2 MeV21d.
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of high-j orbitals enhances the MoI, but the alignme
contribution seems insufficient to cause the pronoun
increase in the MoI seen in Fig. 1 for194Hg. In particular,
this cannot easily explain the increase in the MoI bef
I  24h̄, where the high-j pair alignment is small.

We show calculated pairing gaps in Fig. 3(c). No
that the quantities displayed are not BCS gaps; they
t
ed

re

e
re

computed from the many-body wave functions, which
corporate dynamical effects in the pair field [24]. We o
serve steady quenching of proton and neutron pairing w
increasing spin across the entire spin range. This smo
decrease ofD corresponds to a collective CAP effect th
enhances the MoI with increasing angular momentum.
somewhat steeper decrease in the gap is found for pro
FIG. 2. As for Fig. 1, but for even-even1902198Pb; data from Refs. [16,30].
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FIG. 3. For194Hg: (a) Comparison of the calculated transitio
quadrupole moments (ine b) with the data [14]. (b) Theoretica
g factors; (c) Theoretical pairing gaps (in MeV).

in the rangeI  24244h̄. This additional contribution
comes from the increasing importance of high-j pair
alignment, in accord with discussions above.

In previous discussions [4,12], the gradual rotati
alignment of quasiparticles from high-j orbitals was
stressed, but the important average contribution ofall
statesthrough the CAP effect has not been emphasiz
This observation is implicit in previous studies where
was noticed [4] that treatment of the collective moti
in a cranking model with shell-correction calculatio
could have difficulties for a quantitative description of t
MoI of a SD band. This is a well-known problem fo
the cranked shell model, which describes nicely the p
alignment, but not the MoI, particularly for cases whe
the CAP effect is important [27].

In conclusion, the projected shell model has been u
to provide the first comprehensive theoretical descript
of the yrast SD band in even-even nuclei in the mass-
region that simultaneously describes all observables,
cluding the angular momentum. The increase of the M
is caused by a smooth decrease of the pairing correla
within the nucleus due to the Coriolis antipairing effe
supplemented by a gradual alignment of high-j particles at
higher angular momentum, with no evidence of deform
tion stretching. Our results suggest that for superdefor
tion there is no longer a clear distinction between higj
alignment and CAP effects, because the high-j orbitals are
more strongly mixed in the case of superdeformation re
tive to normal deformation. These conclusions are s
ported by calculations of transition quadrupole momentsg
factors, and pairing gaps. A recent experiment [28] sho
that the quadrupole moments in the SD bands in132Ce
and 131Ce are nearly the same, even though these ba
have different numbers of high-j quasiparticles. This ob
2324
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servation strongly supports our conclusion in this paper a
contradicts the predictions of cranked Woods-Saxon calc
lations [29]. Finally, these calculations provide a variet
of predictions that could be tested by extension of exta
SD data to somewhat higher spins and to other nuclei
this region, and by measurement ofg factors.

The Joint Institute for Heavy Ion Research has as mem
ber institutions the University of Tennessee, Vanderb
University, and the Oak Ridge National Laboratory; it is
supported by the member institutions and by the U.
Department of Energy through Contract No. DE-AS05
76ER04936 with the University of Tennessee. The
oretical nuclear physics research at the University
Tennessee is supported by the U. S. Department of E
ergy through Contracts No. DE–FG05–87ER40361 an
No. DE–FG05–93ER40770. Oak Ridge National Labo
ratory is managed by Lockheed Martin Energy Resear
Corp. for the U. S. Department of Energy under Contra
No. DE–AC05–96OR22464.

[1] P. Ring and P. Schuck,The Nuclear Many Body Problem
(Springer-Verlag, New York, 1980).

[2] B. R. Mottelson and J. G. Valatin, Phys. Rev. Lett.5, 511
(1960).

[3] F. S. Stephens and R. S. Simon, Nucl. Phys.A183, 257
(1972).

[4] M. A. Riley et al., Nucl. Phys.A512, 178 (1990).
[5] I. Ragnarsson and S. Åberg, Phys. Lett. B180, 191 (1986).
[6] W. Koepf and P. Ring, Nucl. Phys.A511, 279 (1990).
[7] R. R. Chasman, Phys. Lett. B319, 41 (1993).
[8] M. Girod et al., Phys. Lett. B325, 1 (1994).
[9] B. Gall et al., Z. Phys.A348, 183 (1994).

[10] J. Terasakiet al., Nucl. Phys.A593, 1 (1995).
[11] A. V. Afanasjevet al., Nucl. Phys.A608, 107 (1996).
[12] W. Satula and R. Wyss, Phys. Rev. C50, 2888 (1994);

R. Wyss and W. Satula, Phys. Lett. B351, 393 (1995).
[13] B. Cederwallet al., Phys. Rev. Lett.72, 3150 (1994).
[14] J. R. Hugheset al., Phys. Rev. Lett.72, 824 (1994).
[15] T. L. Khoo et al., Phys. Rev. Lett.76, 1583 (1996).
[16] M. J. Brinkmanet al., Phys. Rev. C53, R1461 (1996).
[17] C.-L. Wu et al., Ann. Phys.222, 187 (1993).
[18] Y. Sun and M. Guidry, Phys. Rev. C52, R2844 (1995).
[19] K. Hara and Y. Sun, Int. J. Mod. Phys.E4, 637 (1995).
[20] T. Bengtsson and I. Ragnarsson, Nucl. Phys.A436, 14

(1985).
[21] J.-y. Zhanget al., J. Phys. G13, L75 (1989).
[22] Z. Szyman´ski, Nucl. Phys.A28, 63 (1961).
[23] Y. Sunet al. (to be published).
[24] Y. Sun and J. L. Egido, Phys. Rev. C50, 1893 (1994);

Nucl. Phys.A580, 1 (1994).
[25] R. Bengtssonet al., Phys. Lett.73B, 259 (1978).
[26] Y. Sun, P. Ring, and R. S. Nikam, Z. Phys.339, 51 (1991).
[27] J.-y. Zhanget al., Phys. Rev. C52, R2330 (1995).
[28] R. M. Clark et al., Phys. Rev. Lett.76, 3510 (1996).
[29] R. Wysset al., Phys. Lett. B215, 211 (1988).
[30] X.-L. Han and C.-L. Wu, At. Data Nucl. Data Tables

63, 117 (1996); B. Singhet al., Nucl. Data Sheets78,
1 (1996).


