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Qctupole shapes and shape changes at high spins in the Z =58, N =88 nuclei
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The shapes of rotating Xe, Ba, Ce, Nd, and Sm nuclei (84& N & 94) are calculated using the cranking
model with the Woods-Saxon average potential and pairing. The lightest isotopes of Xe and Ba have
nearly spherical ground states, but develop octupole and quadrupole deformations under rotation which
remain up to very high spins. The ground states of the heavier isotopes have octupole and quadrupole
deformations which persist up to medium spins (I= 12k). At higher spins, a shape transition is predict-
ed to reflection-symmetric aligned many-quasiparticle configurations.

PACS number(s): 21.10.Ky, 21.10.Re, 21.60.Jz, 27.60.+j

I. INTRODUCTION

Nuclei with strong octupole correlations have particu-
larly low-lying negative parity states. For vibrational sys-
tems those states correspond to one-phonon octupole ex-
citations and for nuclei with stable octupole deformation
they represent the members of parity doublets. From the
systematics of negative parity excitations one learns that
the nuclei with the strongest octupole correlations are the
neutron-deficient nuclei around Th (with negative pari-
ty excitations of the order of 200 keV) and the neutron-
rich nuclei around '" Ba (with the energy of the lowest
1 state about 750 keV).

The reason that regions of very strong octupole corre-
lations are fairly well localized around particular proton
and neutron numbers can be understood from the struc-
ture of the spherical single-particle spectrum. The ten-
dency towards maximal octupole coupling occurs just
above the closed shells, i.e., for Z or N =34, 56, 88, and
134, where the (N, lj ) intruder orbitals interact with the
(N —l, l —3,j —3) normal-parity states through the oc-
tupole component in the nuclear Hamiltonian. For ex-
ample, in the nuclei around ' Ba such pairs of octupole-
driving orbitals are the vi, 3/2 vf7/p and nh„ ~- /d mrs/2
states. Generally, the energy distance between such or-
bitals decreases with increasing mass number while the
number of matrix elements of the octupole interaction in-
creases. This explains why the octupole coupling in the
Ra-Th region is stronger than in the Ba-Nd nuclei (see
discussion in Ref. [1]).

Low-energy negative parity bands in nuclei around
Sm can be most likely associated with the octupole vi-
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brational mode [2]. In an early paper based on the ran-
dom phase approximation approach Neergkrd and Vogel
pointed out [3] that the energy of the E =0 octupole
vibrational state decreases when approaching Z=62,
N=90. At the same time the octupole strength increases
markedly. For ' Sm the estimated value of dynamic oc-
tupole deformation turned out to be as large as P3=0.11.
Similar results were obtained in works by the Dubna
group [4]: The K"=0 octupole states were predicted to
be lower in energy and more collective than the E =1
and 2 states. The dominant components in the one-
phonon E"=0 wave function are two-quasiparticle
configurations involving the vi»&2 or mh»&2 unique-

parity orbitals which carry a large amount of aligned an-
gular momentum. With increasing rotational frequency
they come down in energy and cross the octupole vibra-
tional band. It has thus been concluded [5] that at higher
spins the lowest negative parity bands based on collective
octupole states must have a two-quasiparticle character.
However, when approaching Z=56 and N=88 this sim-

ple scenario does not hold. The octupole interaction be-
comes so strong that it leads to the octupole instability
and the lowest negative parity bands have a much more
complex structure.

The main objective of this investigation is to stress the
importance of shape changes and pairing correlations in
the description of quasimolecular rotational bands
around ' Ce. Predictions have been made for those nu-
clei which show the best prospects of having reAection-
asymmetric rotational bands at relatively low excitation
energies. Some preliminary results of these calculations
were presented in Refs. [6,7]. A summary of refiection-
asymmetric mean-field calculations in the ' Ce region is
given in Sec. II. The model is described in Sec. III. The
results of the calculations are presented in Sec. IV. In
Sec. V a short comment is made on intrinsic dipole mo-
ments in the quasimolecular bands. The summary and
conclusions are contained in Sec. VI.
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II. OCTUPOLE INSTABILITY AROUND ' Ce
IN THE MEAN-FIELD APPROACH

The deformed shell model indicates that Z=56 as well
as N=88 are the optimal particle numbers for octupole
instability [8,1]. Indeed, at these particle numbers a shell
structure appears in the single-particle spectrum which
strongly favors octupole correlations. The single-particle
%'oods-Saxon levels for protons and neutrons without ro-
tation are displayed in the left portion of Figs. 1 and 2,
respectively, as a function of octupole deformation P3.
Due to octupole mixing between the h»&z and d5&2 sub-
shells two large energy gaps open up at Z=56 and Z=62
in the proton spectrum. In the neutron system the large
gap at N=88 can be seen —as a result of the i, 3/2 f7/2
octupole interaction. A close inspection of Figs. 1 and 2
leads to the conclusion that at large octupole deforma-
tions the single-particle levels become nearly degenerate
forming the quasi-j subshells. For example, at P3=0.15
the two orbitals with 0=—,

' and —', are close to each other
just below the Z=56 gap in Fig. 1, forming a "j"=—',
multiplet. Similar "j"=—,'and "j"=—,'multiplets can be
seen above the Z=56 and Z=62 gaps, respectively.
Analogous structure can also be observed in the neutron
system (see Fig. 2).

The general conditions for shell structure have been
formulated by Bohr and Mottelson [9]. Large energy clo-
sures for any spherical potential can be related to closed
quasiclassical trajectories characterized by an integer ra-
tio between the radial and angular oscillations. Octupole
shapes can be associated with a 3:1 ratio corresponding
to orbits of a triangular type (cf. also discussion in Ref.
[8]). The strong shell effects pointed out above arise from
this simple 3:1 symmetry.

At spherical shape the strongly octupole interacting
subshells, i.e., vi»/2 vf7/2 and -her&& -/2dir» 2are about 2
MeV apart (see, e.g. , Fig. 2 of Ref. [10]). With increasing
quadrupole deformation, orbitals belonging to the

unique-parity subshells approach the normal-parity states
which have the same 0-quantum number. For unique-
parity states both j and I are approximately good quan-
turn numbers even at large deformations. This is not true
for normal-parity states which are strongly mixed by the
quadrupole interaction. Due to this fragmentation the
simple two j-shell picture is no longer valid and as a
consequence all the states of opposite parity with the
same 0 values are coupled by the octupole interaction
(assuming the K=O part of the octupole interaction to be
dominant).

As a result of strong shell effects the reflection-
asymmetric mean-field theory predicts octupole instabili-
ty and octupole softness in a number of nuclei from the

Ba region. In the Woods-Saxon model calculations of
Refs. [1,10,11] a number of lanthanide nuclei were ex-
pected to be octupole deformed at their ground states. In
all cases considered, the nuclei with octupole-deformed
ground states have been calculated to have sizable quad-
rupole and hexadecapole deforrnations, as a consequence
of the fragmentation mechanism discussed above.

Octupole instability around ' Ba has also been pre-
dicted by the folded-Yukawa model (for comparison with
the Woods-Saxon model see Fig. 7 of Ref. [1]) as well as
by self-consistent calculations based on Skyrme or Gogny
forces [12,13]. All these models yield similar results for
octupole deformations, but give slightly different predic-
tions for the height of the octupole barrier (the latter
quantity is very sensitive to the energy distance between
pairs of states interacting via the octupole force [1]).

In the mass calculations by Moiler and Nix [14] based
on the folded-Yukawa model the nuclei around ' Ba
were systematically underbound by a few hundred keV.
Inclusion of octupole deformation turned out to remove a
part of this discrepancy [15]. Another contribution to
the binding energy may arise from the zero-point octu-
pole fluctuations, cf. Ref. [8]. Some attempts towards in-
cluding dynamic corrections by means of parity projec-
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FICs. 1. Single-particle Woods-Saxon levels for protons plotted versus octupole deformation pi at fixed values of ice=0.2 and
P4=0.08. At zero rotational frequency, fico=0, the single-particle levels are labeled by means of the 0 quantum number. The intrin-
sic parity quantum number, m. , is indicated only at Pi =0 (for P~AO the intrinsic parity is violated). At fico )0 the levels are labeled by
means of the simplex quantum number: s =i (solid line) and s = —i (dashed line).
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FIG. 2. Similar to Fig. 1 but for neutrons.

tion or the Gaussian overlap approximation have been
made in Refs. [12,13]. The first results of those calcula-
tions look very encouraging and they will, hopefully, be
extended to the domain of high angular momentum.

Within the shell-correction method there are other
effects which may lower the octupole minima even more.
In recent studies [11,16] it has been pointed out that by
treating higher-order multipole deformations (P5,P6, . . . )

in a self-consistent manner it is possible to increase the
octupole barriers in the lanthanides. For instance, by in-

clusion of higher-order deformations the octupole mini-

ma in ' ' ' Ba are lowered by 200—300 keV as corn-

pared to the results of Ref. [1].

III. THE MODEL

The nuclear mean field is parametrized by a Woods-
Saxon single-particle potential and a BCS pair field. The
surface deformation parameters P; and the BCS field pa-
rameters 5 and 6„,for protons and neutrons, respec-
tively, are treated as variational parameters. Cranking
implies that the system is constrained to rotate around a
fixed axis (the x axis) at a given frequency co, which is
equivalent to minimizing the Routhian H =H —coI„,in-
stead of the Hamiltonian H, with respect to variations of
the mean field. At fixed deformation this is achieved by
solving the cranked Hartree-Fock-Bogolyubov (CHFB)
equations using a sufficiently large space of Woods-Saxon
single-particle states. The solution provides the general-
ized Bogolyubov transformation from single-particle to
rotating quasiparticle states, and the self-consistent
values of the pairing gap parameters A. From this it is
straightforward to obtain the angular momentum and the
energy relative to the nonrotating state at co=0. The en-
ergy of the nonrotating state as a function of deformation
is obtained by the Strutinsky method. The total Routhi-
an at frequency co and deformation P is thus obtained as

(3.1)

The calculations are carried out on a lattice in deforma-
tion space, and the results at fixed co are interpolated be-

6

R (0)=c(P)Ro 1+ g P& Y&o(Q) (3.2)

with c (P) being determined from the volume-
conservation condition and Ro =ro A ' . Only the quad-
rupole (P2), octupole (P3), and hexadecapole (P~) defor-
mations were treated as variational parameters. The de-
formation lattice had nine points in the direction of Pz,
six points in the direction of P3, and three points in the
direction of Pz. To optimize the calculations the P4 grid
was defined relatively to the P~(P2, P3) average equilibri-
um deformation trajectory of Ref. [1]. The rotational fre-
quency was varied from %co=0 to 0.5 MeV in steps of
0.05 MeV. The calculations cover the region of nuclei
with 54& Z 64 and 84 N 94.

The higher-order deformations P5 and P6 were taken as
the following functions of P2, P3, and P~:

tween the lattice points. The absolute minimum of the
Routhian at fixed co corresponds to the solution for an
yrast state. Secondary minima correspond to other solu-
tions, which may be yrast if they have higher angular
momentum.

In the present work we employed essentially the same
model, which has been applied to high-spin states of
reflection-asymmetric actinide nuclei [17]. The axially
deformed Woods-Saxon average potential of Ref. [18]
was used with the parameter set of Ref. [19]. In the Stru-
tinsky approach to calculating the energy at I=O, the
level spectrum in the single-particle potential is used to
calculate a quantal shell correction. This was done with
a smoothing range y =1.2Rcoo, where %coo=41 jA '~

MeV, and a correction polynomial of order p=6 (Ref.
[20]). For the macroscopic energy we have used the
Yukawa-plus-exponential mass formula of Ref. [14]. It
takes into account surface diffuseness and finite-range
effects, which are significant for higher multipole defor-
mations.

The nuclear shape was defined by the standard Pz pa-
rametrization for axial shapes:
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G+(P P—), (3.4)

where P is the pair creation operator, was on average re-
duced by about 50% at fico, =0.55 and 0.42 MeV for pro-
tons and neutrons, respectively.

(ii) At each deformation point we solved the RBCS
equations with co-dependent values of 6 defined by

ps =p3(0. 177p2+ 0.655p4 0.0352@3+0.0089)
(3.3)

p6 = —0.2215p~+ 0. 1055p3+ 0. 1476p2p4 —0.0285p2 .

These expressions minimize the liquid-drop energy [1].
The short-range residual interaction was approximated

by a monopole pairing force with the strength, G, taken
according to Ref. [21]. At zero rotational frequency the
pairing gap Ao was determined self-consistently using the
BCS method. At high spins, however, the Coriolis force
acts destructively on the mean pair field with a corre-
sponding reduction of the static gap parameter. When
BCS trial wave functions are used with the CHFB
method (rotating BCS, RBCS), b, suddenly drops to zero
at a certain value of co=co„;,. However, a smoother vari-
ation of the pairing energy with co is obtained if the
minimization of the total Routhian with respect to 5 is
carried out after good particle number has been projected
from the solution of the CHFB equations. Then the pair-
ing correlations are present to some extent at all frequen-
cies [22]. The particle-number projection method before
variation (RFBCS) requires much more computer time
than the standard RBCS approach, however, and for the
systematic large-scale calculations of the equilibrium de-
formations we adopted the following simplified pro-
cedure.

(i) For a few nuclei at a number of selected deformation
points we carried out calculations using the RFBCS
method. It turned out that the effective pairing gap
defined as
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frequency. It is seen that for Ace~150 keV both ~=+
and m. = —Routhians and moments of inertia merge

forming one alternating parity sequence.
In ' Ba (and probably also in ' Ba) (Ref. [24]) the pos-

itive and negative parity bands merge at Acu~0. 2 MeV

forming a quasimolecular band; see Fig. 4. A similar pat-
tern has also been observed in ' Ce (Ref. [25]), ' Ce
(Ref. [26]), ' Nd (Ref. [7]), ' Nd (Refs. [7,27]), ' Sm
(Refs. [28,29]), and ' Sm (Ref. [30]), above I=8. With
increasing proton number the energy displacement be-
tween the lowest negative and positive parity bands be-
comes larger. For example, in ' Gd the negative parity

FIG. 3. Experimental Routhians (top) and dynamical mo-
ments of inertia (bottom) for the positive (closed circles) and
negative (open circles) parity yrast bands in 4' Th. The
Routhians are plotted with respect to the smooth reference ob-
tained by a Harris expansion of the bottom part of the m. =+
bands. The experimental data were taken from Ref. [23].
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(iii) The chemical potential A, of the RBCS equations
was adjusted at each deformation and rotational frequen-
cy separately so as to solve the particle-number equation
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IU. INTERPLAY BET%'EEN OCTUPOLE
DEFORMATION AND ROTATION

Some of the strongest evidence for stable octupole de-
formation is the existence of quasimolecular bands con-
sisting of positive and negative parity levels connected by
very fast E1 transitions. Such bands are well known in
the region of light actinide nuclei around Th. As a
typical example, Fig. 3 displays the experimental Routhi-
ans, E =E—~I, and the dynamical moments of iner-
tia, 2' '=dI /dc@, for ' Th as a function of rotational
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FIG. 4. Experimental Routhians (top) and kinematic mo-
ments of inertia, J"'=I„/co(bottom), for the positive (closed
circles) and negative (open circles) parity yrast bands in

Ba. The Routhians are plotted with respect to the smooth
reference obtained by a Harris expansion of the bottom part of
the ~=+ bands. The experimental data were taken from Ref.
[24j.
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band lies more than 200 keV above the positive parit
'' epariy

yrast band at I= 11 (see discussion in Ref. [31]). In odd-
A and odd-odd lanthanide nuclei parity doublets have
been observed (or suggested) in ' Sm (Ref. [28]), ' 'Pm
(Refs. [32—34]), ' Eu (Ref. [35]), ' ' Eu (Refs. [32,36]),
and ' Eu (Ref. [37]).

Quasimolecular rotational bands in a reflection-
asymmetric nucleus can be characterized by a new quan-
tum number called simplex. The simplex quantum num-
ber, s, is the eigenvalue of the PR„'operator [reflection
through the (y, z) plane] [9] and has properties similar to
those of the signature quantum number in the absence of
reflection symmetry [38,39]. Octupole coupling between

FIG. 7. Similar to Fig. 5 but for ' Ce at Ace=0, 0.20, and
0.25 MeV.

high-j unique-parity orbitals and normal-parity states
leads to fragmentation of the aligned angular momentum
over many quasiparticle states. The angular momentum
content of the lowest Routhians, containing a significant
component of high-j unique-parity states, decreases with

P3 On the other hand, the average alignment of Routhi-
ans with dominating component of normal parity in-
creases. As a consequence the quasiparticle Routhian
pattern becomes more collective, the band-crossing fre-
quency is shifted towards larger values, and the band in-
teraction generally increases (for details see Ref. [39]).

Thhe inhuence of rotational frequency on the octupole
shell structure is shown in Figs. 1 and 2. Single-particle
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FIG. 6. Similar to Fig. 5 but for ' Ba at %co=0, 0.20, and
0.40 MeV.

FIG. 8. Similar to Fig. 5 but for ' Xe at Pi~=0, 0.35, and
0.50 MeV.
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Routhians are plotted vs P3 for two finite values of rota-
tional frequency: %co=0.3 and 0.6 MeV. In Fig. 1 at
Am=0. 3 MeV the pattern of single-proton levels is quite
similar to that at Ace=0: both proton numbers Z=56
and Z=62 are still octupole driving. However, at the
higher rotational frequency, %co=0.6 MeV, the octupole
shell structure is almost completely washed out. An even
more dramatic Coriolis-anti-octupole effect is seen in Fig.

2 for the neutrons ~here the shell effects are already
significantly reduced at Ace=0.3 MeV. This result sug-
gests that at very high spins the octupole shell driving
forces are seriously quenched.

In order to understand the enhancement in octupole
correlations at medium spins, Woods-Saxon-Bogolyubov
cranking calculations were carried out. Selected exam-
ples of calculated total Routhian surfaces (TRS) in the
(Pp P3 ) plane are shown in Figs. 5 —9. A summary of the
calculated (P2,P3) equilibrium deformations for the dou-

bly even Xe, Ba, Ce, Nd, Sm, and Gd isotopes is present-
ed in Figs. 10—15. The shape changes in these isotopes
follow three different patterns. They are discussed below.

(i) ' Ba is representative of nuclei with developed
quadrupole and octupole deformation in the ground state
(see Fig. 5). The calculations indicate that at medium
spins the magnitude of octupole deformation increases
and the octupole minima are much better separated than
in the ground state. The enhancement of octupole
strength with rotation is caused [39,17,6] by (a) weaker
pairing correlations for the octupole shape, which in-
crease the moments of inertia, and by (b) increased octu-
pole mixing between single-particle states of opposite par-
ity which approach each other with increasing frequency.
Other nuclei which show similar behavior are ' Xe,

Ba, and ' ' Ce. At frequencies above 0.3 MeV a
shape transition towards $3=0 is expected after the
alignment of the vi, 3/2 and mh»&2 pairs. The strong
alignment process that occurs at reflection-symmetric
shapes is illustrated in the quasiparticle Routhian dia-
gram of Fig. 16. At Am )0.35 MeV the vacuum
configuration at P3=0.1 has a four-quasiparticle struc-
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FIG. 10. Calculated equilibrium P„P3deformations for the doubly even Xe isotopes with 84 N ~94 as functions of rotational
frequency (0 ~ %co 0.5 MeV).
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FIG. 11. Similar to Fig. 10 but for the doubly even Ba iso-
topes. The coexisting excited minima are indicated by dotted
lines.

FlG. 13. Similar to Fig. 10 but for the doubly even Nd iso-
topes. The coexisting excited minima are indicated by dotted
lines.

ture (it contains two aligned neutrons and two aligned
protons). Since the energy of aligned quasiparticle states
is considerably lowered at p3=0, a shape transition takes
place. In the Ra and Th nuclei similar shape changes
(caused by the alignment of vj»&z and mi, 3/p quasiparti-
cles) have also been predicted to occur above I=24 (see
detailed discussion in Refs. [39,17]). In the Xe-Sm iso-
topes the transition to reflection-symmetric shapes is ex-
pected to take place around I=12, which is much easier
to reach experimentally. The crossing between
reflection-symmetric and reflection-asymmetric
configurations is illustrated in Fig. 6 (' Ba) and Fig. 7
(' Ce). The TRS at Ace=0.25 MeV for ' Ce shows the
coexisting ground band (p3&0) and the aligned
configuration (p& =0), while only the aligned

0.20

configuration persists at Boo=0.4 MeV in ' Ba.
(ii) The nucleus ' Xe provides an example of strong

quadrupole-octupole coupling (see Fig. 8). ' Xe has a
ground-state minimum which is very pz soft. Since de-
forrned shapes are favored by rotation, ' Xe becomes oc-
tupole deformed at Ace=0.25 MeV. This shape transition
is also associated with an increase in quadrupole defor-
mation. Interestingly, octupole correlations in ' Xe are
calculated to persist up to very high spins. Other nuclei
with predicted strong quadrupole-octupole coupling are
138X 140, 142B 142C 144N d d 146Sm

(iii) This group contains nuclei with well developed
quadrupole deformations, and p3-soft (but reflection-

symmetric) shapes in the ground state. At low frequen-
cies the negative parity states in these nuclei can be de-
scribed in terms of very collective octupole vibrations.
However, at medium spins the static theory predicts a
shape transition towards p3%0 or just the presence of
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FIG. 12. Similar to Fig. 10 but for the doubly even Ce iso-

topes. The coexisting excited minima are indicated by dotted
lines.

FIG. 14. Similar to Fig. 10 but for the doubly even Sm iso-

topes. The coexisting excited minima are indicated by dotted
lines.
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near-yrast reflection-asymmetric configurations. The nu-
clei that belong to this group are ' Xe, ' Ba, ' ' Nd,

Sm, and ' ' Gd. The enhancement of octupole
correlations at medium spins in ' Srn is illustrated in
Fig. 9 (for analogous diagrams for ' ' Nd and ' Sm we
refer the reader to Ref. [7] and Ref. [29], respectively).
At the ground state the nucleus ' Sm is octupole soft but
reflection symmetric. At medium spins, however, the
octupole-deformed configuration is predicted to become
yrast (or close to yrast). After the first quasiparticle
crossing only one, reflection-symmetric minimum is seen
in the TRS (trito=0. 5 MeV). The recent experimental
data by Urban et al. on ' Nd(Ref. [7]), ' Sm (Ref. [29]),
and ' Sm (Ref. [30]) indeed suggest that the above
scenario takes place in these nuclei. In particular, a band
crossing associated with a shape change has been ob-
served.

Since our calculations have been restricted to axial
shapes, we cannot describe quantitatively the rotation-
induced interplay between triaxial and reflection-
asymmetric shapes. For systems, which are y soft, like

Nd or ' Sm, the angular momentum alignment of
high-j quasiparticles induces a change towards triaxial
shapes [40]. In the case of the Z =60, N =88 nuclei the
neutron and proton Fermi levels lie in the vicinity of
high-j, low-0 Nilsson orbitals, respectively. It is, there-
fore, very likely that for aligned two-quasiparticle
configurations the nuclear shape is strongly triaxial. At
still higher spins one can expect terrninations of quasipar-
ticle structures at oblate shape and a transition to the
noncollective regime, or a coexistence between collective
and particle-hole configurations. The coupling between y
and P3 deformations in the ground state of ' Sm has been
recently discussed by Skalski [41]. He demonstrated that
the corresponding potential energy surface is very shal-
low in both directions, which suggests a possible transi-
tion to the triaxial-octupole regime, or to the noncollec-
tive limit at high spins. The above theoretical indications

FIG. 16. Proton quasiparticle Routhians for Z=56 (top) and
neutron quasiparticle Routhians for N=88 (bottom) as function
of rotational frequency. The deformation parameters used cor-
respond to the yrast configurations of ' Ba. The left panel,
P3=0, is representative of the reffection-symmetric
configurations involving aligned neutron and proton pairs. The
right panel, P3=0.1, represent the structure of quasiparticle ex-
citations associated with the reflection-asymmetric ground
band. Levels are labeled by means of the simplex quantum
number: s =i (solid line) and s = —i (dashed line).

are supported by experimental data, which show charac-
teristic quasiparticle excitations in both ' Nd and ' Sm
(Ref. [29]). They can be nicely compared to well-known
shell-model configurations in heavier N= 86 isotones.

V. E1 AND E3 TRANSITIONS

If the nuclear mean field is not reflection symmetric
(e.g., due to octupole deformation) a large El moment
may arise in the intrinsic frame of a nucleus. Such a di-
pole moment should manifest itself by very enhanced E1
transitions between opposite parity members of quasi-
molecular bands.

The shell-correction approach to the isovector dipole
moment for octupole-unstable systems has been forrnulat-
ed by Leander [42]. Within this theory the intrinsic di-
pole moment can be written as

D DLD+D shell
l (5.1)

where D, is a macroscopic term and Dl""' is a shell-
correction contribution. The latter term is given by

(5.2)

where y is the El polarizability coefficient and &z ) is the
Strutinsky renorrnalized displacernent of the center of
mass. The quantity &z) shows a sinooth oscillatory be-
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havior as a function of particle number with the period of
oscillation being one oscillator shell [43,6,44]. As dis-
cussed in Ref. [44] oscillations in &z ) reflect the strength
of unique-parity orbitals fragmented by the octupole in-
teraction. The maximum, corresponding to the positive
value of &z ), is reached around the middle of the shell.
The minimum in &z ) occurs just above the shell closure
where & z ) is negative. In the region around ' Ba the
proton displacement of the center of mass is maximal at
Z=64. The neutron displacement increases smoothly
from N= 82 (minimum) to N= 104 (maximum).

The isotonic variation of D',""' for the Xe-Gd isotopes
with 84~N &94 is shown in Fig. 17 for two values of ro-
tational frequency: fico=0 and A'co=0. 35 MeV. The be-
havior of D',""' with particle number reAects the oscilla-
tions in &z ). Indeed, for a given isotone chain D',""in-
creases towards Z=64. On the other hand, for a given
isotope sequence the single-particle contribution to the
dipole moment decreases with N —in agreement with Eq.
(5.2) (the effective charge for neutrons is negative). This
trend depends rather weakly on rotational frequency.

The shell-correction approach to the intrinsic dipole
moment, based on calculated equilibrium deformations
from the present study, has been applied to the
lanthanides in Refs. [6,44] and has provided an overall
agreement with the experimental data. It has been shown
that in the lanthanides the D

&
contribution is very small

due to the cancellation between the charge redistribution
and neutron skin terms [44]. Consequently, the total di-

pole moment is, in a very good approximation, given by
D &""'

~ Interestingly, the Ba isotopes which are predicted
to have the largest octupole deformations have consider-
ably reduced dipole moments. In the octupole-soft Nd
and Sm isotopes the predicted dipole moments are large
because proton and neutron contributions add coherent-
ly. In particular, the isotonic and isotopic behavior of
D',""' reproduces [45,44] a dramatic quenching of El
strength observed in ' Ba. Indeed for the nucleus ' Ba
the calculated value of D',"'" is around 0.02 e fm, i.e., it is

(5.3)

where D is the octupole mass parameter and p3 stands for
the equilibrium octupole deformation (note that
lim& o Vo/p3=const). The lowest eigenstates of the

p p 0

Hatniltonian (5.3) with parity p =+1,4, can be well ap-
proximated by a sum of two Gaussians centered at
p3=+p3 t e ~

about one order of magnitude smaller than that for the
isotopes of Nd and Sm (D&""'=0.2 e fm). It has been
demonstrated in Ref. [45] that the cancellation of D, in

Ba is not a local effect, but occurs for a wide range of
deformation parameters. This result strongly suggests
that even after taking into account dynamic correlations,
the very low dipole moment in ' Ba should remain un-
changed [13].

The weak co dependence of D',""' constitutes a micro-
scopic justification for the approximations used in Ref.
[44], where it was assumed that rotation enters intrinsic
dipole moments only through calculated equilibrium de-
formations.

The results of recent Coulomb excitation measure-
ments for ' Nd indicate [46,47] that the average &p3)
values extracted from the measured E3 reduced matrix
elements stay surprisingly constant as a function of angu-
lar momentum. On the other hand, the energy splitting
between the positive and negative parity yrast bands
quickly decreases with spin; cf. Fig. 3. The latter effect
has been attributed, see Sec. IV, to the enhancement of
octupole correlations at medium spins. However, since
the B (E3) rates are believed to be a direct measure of oc-
tupole collectivity, the experimental results [46] seem to
suggest that the octupole correlations in ' Nd do not
show significant angular momentum dependence.

In order to discuss this apparent contradiction we em-

ployed the simple collective model for octupole deforma-
tion developed by Krappe and Wille [48]. The collective
model Hamiltonian is approximated by

H=- +Vp 1—
2D dp2 '

p

0.2—
+ =JV+(/+pe),

where p is the parity operator [pp(p3) =p( —p3)] and

1/4

y(p3) = — exp ——(p, —p3)'
2

(5.4)

(5.5)

0.0—

-0.1

84 88 92 84 88
NEUTRON NUMBER

92

The quantity A, in Eq. (5.5) is inversely proportional to
the deformation spread of P and is assumed to be the
variational parameter of the model [48]. The normaliza-
tion constants JV+ in Eq. (5.4) can be expressed in terms
of A, and P3 as

JV =[2(1+W)] '", II =&plplp&=exp( —~03) .

(5.6)

FIG. 17. Isotonic dependence of the shell correction to the
intrinsic dipole moment for the Xe-Crd isotopes at Ace=0 (left)
and fico=0.35 MeV (right). The average trend does not depend
on the actual deformation used (here Pz =0.2, P, =0.06).

The energy difference AE =E —E+ between the lowest

p = —and p = + states of the Harniltonian (5.3)

E+=&++IH q'+&=, ~(&&I~lb&+&&IHIP&&)
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gives the parity splitting. In order to obtain the varia-
tional solution, the ground-state energy, E+, has been
minimized with respect to A, at a fixed value of D, V0, and

3 ~

Figure 18 presents the behavior of AE as a function of
Vo (the value of D has been adjusted to reproduce the ex-
perimental parity splitting in ' Ba at calculated values of
Vo and P3 at I=O). In the same figure, the ratio between
the calculated 8 (E3) value,

2

8(E3)~ ~(qi+~P, ~qi
1 —W

(5.8)

1.0—

~ 0.8—
O
~ 0.6—CD

UJ 04—
CI

0.2—

0.0 I I

2

Vo ( MeV)

1.0

0.8 M
UJ
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0.0

FIG. 18. Parity splitting AE (left) and the
8 (E3)IB(E3)v ratio (right) of a simple collective model of

0

Sec. V as a function of V0. For more explanations see text.

and the asymptotic value ( Vo~ ~ ) is also shown. The
conclusion drawn from Fig. 18 is that the 8 (E3) rates de-
pend mainly on the value of equilibrium deformation P3
and they are rather insensitive to V0. On the other hand,
the parity splitting shows significant dependence on Vo.
This result can probably explain, at least qualitatively,
the recent data on ' Nd. At the lowest spins the poten-
tial energy surface of ' Nd is very octupole soft, see
[11,16], but at medium spins the reflection-asymmetric
configuration is favored by rotation and the octupole bar-
rier increases. Consequently, the 8 (E3) values should be
influenced by rotation to a much lesser degree than the
parity splitting; cf. also results of two-dimensional

(P2 —P3) calculations of Ref. [49].
Another important mechanism that can influence the

parity splitting and 8(E3) values is the effect of the
Coriolis and centrifugal forces, i.e., the coupling to
higher-lying octupole states with E)0. The influence of
Coriolis coupling on the moments of inertia of rotational
bands built upon the octupole vibrational states has been
known for a long time; see, e.g. , Refs. [3,9]. In the con-
text of octupole deformations this effect has been dis-
cussed recently by Rohozinski et al. [50,2], who conclud-
ed that 8 (E3) is rather insensitive to Coriolis coupling at
relatively small values of P3 [at large P3's the perturbed
B(E3) values are actually lower than the unperturbed
ones] while the effect on the moment of inertia is tremen-
dous, i.e., the perturbed moment of inertia in the negative
parity band is about twice as large as the moment of iner-
tia for the positive parity band, for a rather wide range of
P3 values. Consequently, the mechanism in terms of

strong Coriolis and centrifugal effects would also be con-
sistent with the data for ' Nd —even without invoking a
significant octupole deformation.

VI. CONCLUSIONS

The present investigation has been focused on the mi-
croscopic structure of static octupole correlations at high
spin in the Z=58, N=88 region. The model used con-
tains the three main building blocks that are governing
the properties of near-yrast configurations, i.e., deforrna-
tion, rotation, and pairing. In spite of its simplicity the
deformed shell model turned out to give a fairly good un-
derstanding of the angular momentum process in the ob-
served rotational bands. In addition, detailed predictions
have been made about the nature and properties of yet
unobserved structures. The most important observations
made in this paper can be summarized as follows: (i)
Static octupole correlations are enhanced at medium
spins due to larger moments of inertia at octupole shape
caused by weaker pairing correlations and octupole mix-
ing between unique-parity and normal-parity orbitals. (ii)
In the lanthanides the shape transition along the yrast
line towards P3=0 is expected in the spin region I=12,
i.e., just after the first band crossing. A spectacular ex-
ample of the coexistence between reflection-symmetric
and refiection-asymmetric band structures is ' Sm (Ref.
[30]). (iii) In the Z-58, N-88 region the very promis-
ing examples of octupole collectivity are the neutron-rich
Xe isotopes. In particular, one of the best cases is ' Xe
(T,zz=1.2 s) which is expected to be octupole unstable
already at the ground state with, however, a very reduced
El moment. (iv) The Woods-Saxon-Bogolyubov cranking
calculations confirm previous expectations of octupole-
deformed mean fields at low and rnediurn spins in the
Xe-Sm isotopes with neutron numbers 84 N 92. The
best candidates predicted to have octu pole-unstable
shapes are all Xe, Ba, Ce, Nd, and Sm nuclei with neu-
tron numbers N=84, 86, 88, and ' Ba (N=90). (v) The
largest octupole deforrnations have been predicted for the
Ba and Ce isotopes which, due to shell effects, have con-
siderably reduced dipole moments. On the other hand, in
the Nd and Sm isotopes the E1 rates are very strong but
these nuclei are apparently less octupole deformed. Con-
sequently, in the nuclei around ' Ba the quasirnolecular
bands are not as pronounced as in the Ra-Th nuclei. (vi)
The calculated intrinsic dipole moments depend rather
weakly on rotational frequency. The main contribution
to variations in D& with angular momentum comes from
deformation changes. (vii) The 8 (E3) rates depend main-
ly on the equilibrium octupole deformation. They are
less sensitive to the height of the octupole barrier. The
constancy of 8 (E3) values with spin, as suggested by the
recent data on ' Nd, does not contradict the predicted
enhancement of octupole collectivity at medium spins.
However, a similar effect can result from Coriolis and
centrifugal coupling to the higher-lying octupole states
with E&0.

Finally, many properties of the low-energy collective
E1 and E3 modes in the transitional nuclei around ' Ba
can be explained by the reflection-asymmetric cranked
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mean-field theory. There are also many questions which
remain to be answered and more detailed calculations
will be necessary. As mentioned already in Sec. II, the
self-consistent treatment of fluctuations and higher-order
multipole deformations (especially )(3,, see Ref. [16]) has
to be done when aiming at a quantitative reproduction of
experimental data. Also in our discussion the effects of
nonaxial deformations have not been taken into account.
The lowest band crossing in the lanthanide nuclei dis-
cussed is, according to the calculations, associated with
the alignment of i/3/2 neutrons. The aligned pair of ii3/2
quasiparticles is expected to polarize the core towards
slightly positive values of y leading to a sizable nonaxial
component in the average field. Another indication of
strong gamma effects is the spectrum of ' Sm (Ref. [29]).
The quasimolecular structure, which dominates at medi-

um spins, suddenly terminates above I=15 and the irreg-
ular excitation pattern characteristic of noncollective ro-
tation is seen. It suggests a shape transition from an
octupole-deformed prolate shape to an oblate noncollec-
tive structure with strong octupole correlations.
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