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Microscopic structure of high-spin vibrational excitations in superdeformed 190,192,194Hg
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Microscopic calculations based on the cranked shell model extended by the random-phase-approximation
are performed to investigate the quadrupole and octupole correlations for excited superdeformed bands in
190Hg, 192Hg, and194Hg. TheK52 octupole vibrations are predicted to be the lowest excitation modes at zero
rotational frequency. At finite frequency, however, the interplay between rotation and vibrations produces
different effects depending on neutron number: The lowest octupole phonon is rotationally aligned in190Hg, is
crossed by the aligned two-quasiparticle bands in192Hg, and retains theK52 octupole vibrational character up
to the highest frequency in194Hg. Theg vibrations are predicted to be higher in energy and less collective than
the octupole vibrations. From a comparison with the experimental dynamic moments of inertia, a new inter-
pretation of the observed excited bands invoking theK52 octupole vibrations is proposed, which suggests
those octupole vibrations may be prevalent in superdeformed Hg nuclei.@S0556-2813~96!05705-6#

PACS number~s!: 21.10.Re, 21.60.Jz, 27.80.1w
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I. INTRODUCTION

Theoretical and experimental studies of collective vib
tional states built on the superdeformed~SD! yrast band are
open topics of interest in the field of high-spin nuclear str
ture. Since the large deformation and rapid rotation of
bands may produce a novel shell structure, we expect
surface vibrations will exhibit quite different features fro
those found in spherical and normal-deformed nuclei. A
cording to our previous work@1–5#, low-lying octupole vi-
brations are more important than quadrupole vibrations w
the nuclear shape is superdeformed. Strong octupole cor
tions in SD states have been also suggested theoretical
Refs. @6–13#. Experimentally, octupole correlations in S
states have been suggested for152Dy @14#, 193Hg @15#, and
190Hg @16,17#. We have reported theoretical calculations c
responding to these data for193Hg @3# and 152Dy @5#. In this
paper, we discuss the quadrupole and octupole correlat
for 190Hg ~which have been partially reported in Refs.@17–
19#! and for the neighboring SD nuclei192,194Hg.

We have predicted the low-lyingK52 octupole vibra-
tions for SD Hg isotopes190,192,194Hg (Ex;1 MeV! @3,4#.
These predictions differ from the results of generat
coordinate-method~GCM! calculations@13# in which the
K50 octupole state is predicted to be the lowest in
192Hg and the excitation energies are significantly high
(Ex;2 MeV! than in our predictions. Experimentally@17#,
the Routhians of the lowest octupole state decrease with

*Electronic address: nakatsukasat@cr1.aecl.ca
53-2813/96/53~5!/2213~14!/$10.00
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rotational frequency, for example, fromEx8'0.7 to 0.3 MeV
as\v rot goes from 0.25 to 0.35 MeV; therefore to compare
the theoretical Routhians directly with the experimenta
ones, we need to calculate them at finite rotational frequenc
For this purpose, the cranked shell model extended by th
random-phase approximation~RPA! provides us with a pow-
erful tool to investigate collective excitations at high angula
momentum.

A great advantage of this model is its ability to take into
account effects of the Coriolis coupling on the collective
vibrational motions in a rapidly rotating system. Since in the
normal-deformed nuclei it is known that Coriolis coupling
effects are important even for the 32 octupole states@20#,
one may expect strong Coriolis mixing for high-spin octu-
pole states built on the SD yrast band. On the other hand, o
previous calculations suggested weak Coriolis mixing for th
lowest octupole state in192Hg @3# and 152Dy @5#. This may
be because the angular momentum of the octupole phonon
strongly coupled to the symmetry axis due to the large de
formation of the SD shape. Generally speaking, Corioli
mixing is expected to occur more easily in nuclei with
smaller deformation. However, this expectation may not hol
for octupole bands in all SD nuclei because Coriolis mixing
depends on the shell structure. In this paper we find a si
nificant difference in the Coriolis mixing between an octu-
pole band in190Hg and the other bands.

Another advantage of this model is that it gives us a uni
fied microscopic description of collective states, weakly col
lective states, and noncollective two-quasiparticle excita
tions. A transition of the octupole vibrations into aligned
two-quasiparticle bands at high spin in normal-deformed nu
2213 © 1996 The American Physical Society
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2214 53NAKATSUKASA, MATSUYANAGI, MIZUTORI, AND SHIMIZU
clei has been predicted by Vogel@21#. In Ref. @19#, this
transition is discussed in the context of experimental data
rare-earth and actinide nuclei, and a damping of octup
collectivity at high spin was suggested. Since similar ph
nomena may happen to octupole vibrations in SD states,
important that our model describe the interplay between c
lective and noncollective excitations.

Recent experimental studies reveal a number of inter
ing features of excited SD bands in even-even Hg isotop
In 190Hg, almost constant dynamic moments of inert
J (2), have been observed by Crowellet al. @16#. Reference
@17# has established the relative excitation energy of t
band and confirmed the dipole character of the decay tra
tions into the yrast SD band. This band has been interpre
as an octupole vibrational band. Two more excited band
190Hg have been observed recently by Wilsonet al. @18#, one
of which shows a sharp rise ofJ (2) at low frequency. In
192Hg, Fallon et al. @22# have reported two excited band
which exhibit peaks inJ (2) at high frequency. In contras
with these atypicalJ (2) behaviors, two excited bands i
194Hg originally observed by Rileyet al. @23# and extended
by Cederwallet al. @24# show a smooth increase with rota
tional frequency. We show in this paper that thisJ (2) be-
havior can be explained with a single theoretical mod
which microscopically takes into account shape vibratio
and the Coriolis force.

The purpose of this paper is to present the RPA meth
based on the cranked shell model and its ability to describ
variety of nuclear properties including shape vibrations
large deformation and high spin. We propose a plaus
interpretation for the microscopic structure of excited S
bands in190,192,194Hg, and show that octupole bands may
more prevalent than expected in these SD nuclei. Sectio
presents a description of the model, in which we stress
improvements to the cranked Nilsson potential and to
coupled RPA method in a rotating system. Section III p
sents details of the calculation in which the pairing and
fective interactions are discussed. The results for the exc
SD 190Hg, 192Hg, and 194Hg are presented in Sec. IV, an
compared with the experimental data in Sec. V. The conc
sions are summarized in Sec. VI.

II. THEORETICAL FRAMEWORK

The theory of the cranked shell model extended by
random-phase approximation~RPA! was first developed by
Marshalek@25# and has been applied to high-spinb andg
vibrational bands@26–28# and to octupole bands@29,1–5#.
Since this theory is suitable for describing the collective
brations built on deformed high-spin states, it is very use
for investigating vibrational motion built on the SD yra
band.

A. Cranked Nilsson potential with the local Galilean
invariance

We start with a rotating mean field with a rotational fr
quencyv rot described by

hs.p.5hNilsson1Gpair2v rotJx1hadd, ~2.1!
on
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where hNilsson is a standard Nilsson potential defined in
single-stretched coordinates r i85(v i /v0)

1/2r i and
pi85(v0 /v i)

1/2pi ( i5x,y,z),

hNilsson5 (
i5x,y,z

S v i

v0
D S pi8 22M

1
Mv0

2

2
r i8

2D 1v l l ~ l8
22^ l82&N!

1v lsl8•s, ~2.2!

wherel85r 83p8. The pairing fieldGpair is defined by

Gpair52 (
t5n,p

Dt~Pt
†1Pt!2 (

t5n,p
ltNt , ~2.3!

where Pt5(kPt,k.0c k̄ck and Nt5(kPtck
†ck are the

monopole-pairing and number operators, respectively.
Sec. III A, we discuss the details of the pairing field used
the calculations.

A standard cranked Nilsson potential has the disadvanta
that it overestimates the moments of inertia compared to
Woods-Saxon potential. This problem comes from the sp
rious velocity dependence associated with thel2 term in the
Nilsson potential which is absent for Woods-Saxon potentia
If the mean-field potential is velocity independent, the loca
velocity distribution in the rotating nucleus remains isotropi
in velocity space, which means that the flow pattern becom
the same as for a rigid-body rotation@30#. However, in the
cranked Nilsson potential, this isotropy of the velocity distri
bution is significantly broken due to thel2 term. Thus the
Coriolis force introduces a spurious flow in the rotating co
ordinate system, proportional to the rotational frequenc
This spurious effect can be compensated by an addition
term that restores the local Galilean invariance. This add
tional term is obtained by substituting~the local Galilean
transformation!

p→p2M ~vrot3r !, ~2.4!

in the ls and l2 terms of the Nilsson potential. This prescrip
tion was suggested by Bohr and Mottelson@30#, and devel-
oped by Kinouchi@31#. For a momentum-dependent poten
tial V(r ,p),

V~r ,p!1hadd5V„r ,p2M ~vrot3r !… ~2.5!

'V~r ,p!2v rotM S y ]

]pz
2z

]

]py
DV~r ,p!

~2.6!

5V~r ,p!1
i

\
v rotM ~y@z,V#2z@y,V# !,

~2.7!

where we assume uniform rotation around thex axis,
v rot5(v rot,0,0). Following this prescription, the additiona
term hadd in Eq. ~2.1! is obtained for the Nilsson potential
~2.2!,
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hadd52
v rot

Avyvz
H v l l F2Mv0r 8

22\SNosc1
3

2D G l x8
1v lsMv0@r 8

2sx2r x8~r 8•s!#J . ~2.8!

Note that the term proportional to (Nosc13/2) in Eq. ~2.8!
comes from the velocity dependence of^ l82&N in Eq. ~2.2!.
This result, Eq.~2.8!, has been applied to the SD bands
152Dy @5# where the single-particle Routhians were found
be very similar to those obtained by using the Woods-Sa
potential. In Fig. 1, moments of inertia for SD152Dy calcu-
lated with and without the additional term~2.8! are dis-
played. Since the effects of the mixing among the ma
oscillator shells Nosc are neglected in calculating ou
Routhians, kinematic (J (1)) and dynamic (J (2)) moments
of inertia are obtained by adding the contributions of t
Nosc-mixing effects to the values calculated without them

J ~1!5
^Jx&
v rot

1
1

v rot
E
0

vrot
DJ Inglis~v!dv

'
^Jx&
v rot

1DJ Inglis , ~2.9!

J ~2!5
d^Jx&
dv rot

1DJ Inglis , ~2.10!

DJ Inglis5J Inglis2J Inglis
DN50

52 (
n~DN52!

u^nuJxu0&u2

En2E0
, ~2.11!

FIG. 1. Kinematic~solid lines! and dynamic~dashed lines! mo-
ments of inertia for SD152Dy calculated in the cranked Nilsso
Hamiltonian with ~thick lines! and without ~thin lines! the addi-
tional termhadd in Eq. ~2.8!. The rigid-body and the Inglis moment
of inertia are shown by dash-dotted and dotted lines, respectiv
The parameters used in the calculation are the same as those u
Ref. @5# and pairing correlations are neglected. Symbols are exp
mentalJ (2) taken from Ref.@14#.
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whereDJ Inglis is difference between the Inglis moments of
inertia with and without theDNosc52 contributions@32#.
DJ Inglis(v) turned out to be approximately constant agains
frequencyv and this was used in the last step of Eq.~2.9!.
TheJ (1) andJ (2) values calculated with the additional term
are very close to the rigid-body value at low frequency
which means that the spurious effects of thel2 term have
been removed. Note that the abscissa of Fig. 1 correspon
to the ‘‘bare’’ rotational frequency without renormalization.
The drastic reduction ofJ (1) andJ (2) at high frequency is
corrected by the additional term, and this is seen to be im
portant in reproducing the experimentalJ (2) behavior of the
yrast SD band.

B. RPA in the rotating frame

The residual interactions are assumed to be in a separa
form

H int52
1

2 (
r,a

xrRr
aRr

a , ~2.12!

whereRr
a are one-body Hermitian operators, andxr are cou-

pling strengths. The indicesa indicate the signature quantum
numbers (a50,1) andr specifies other modes. In this paper,
we take asRr

a the monopole pairing and the quadrupole op
erators for positive-parity states, and the octupole and th
isovector dipole operators for negative-parity states@see Eq.
~3.5!#. Since theK quantum number is not conserved at finite
rotational frequency, it is more convenient to make the mu
tipole operators have good signature quantum numbers.
general, the Hermitian multipole~spin-independent! opera-
tors with good signature quantum numbers are constructe
by

QlK
a 5

i l1a1K

A2~11dK0!
@r lYlK1~2 !l1ar lYl2K#, ~2.13!

with K>0, where the spherical-harmonic functionsYlK are
defined with respect to the symmetry (z) axis. All multipole
operators are defined in doubly stretched coordinate
@r i95(v i /v0)r i #, which can be regarded as an improved ver
sion of the conventional multipole interaction. Sakamoto an
Kishimoto @33# have shown that at the limit of the harmonic-
oscillator potential~at v rot50), it guarantees nuclear self-
consistency@30#, restoration of the symmetry broken in the
mean field, and separation of the spurious solutions. Th
coupling strengthsxr should be determined by the self-
consistency condition between the density distribution an
the single-particle potential~see Sec. III B for details!.

To describe vibrational excitations in the RPA theory, we
must define thequasiparticle vacuumon which the vibra-
tions are built. The observed moments of inertia,J (2), of the
yrast SD bands smoothly increase in theA5190 region,
which suggests that the internal structure also smooth
changes as a function of the frequencyv rot . Therefore the
adiabatic representation, in which the quasiparticle opera-
tors are always defined with respect to the yrast sta
uv rot&, is considered to be appropriate in this work.
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2216 53NAKATSUKASA, MATSUYANAGI, MIZUTORI, AND SHIMIZU
In terms of quasiparticles, the Hamiltonian of Eq.~2.1!
can be diagonalized~by the general Bogoliubov transforma
tion! as

hs.p.5const1(
m

~Emam
†am!1(

m̄
~Em̄am̄

†am̄!, ~2.14!

with

amuv rot&5am̄uv rot&50, ~2.15!

where (am
† ,am̄

† ) represent the quasiparticles with signatu
a5(1/2,21/2), respectively. The excitation operators of t
RPA normal modesXn

a† (a50,1) are defined by

Xn
0†5(

m n̄
$cn

0~mn̄!am
†a n̄

†1wn
0~mn̄!a n̄am%, ~2.16!

Xn
1†5 (

m,n
$cn

1~mn!am
†an

†1wn
1~mn!anam%

1 (
m̄, n̄

$cn
1~m̄n̄ !am̄

†a n̄
†1wn

1~m̄n̄ !a n̄am̄%, ~2.17!

where indices n specify excited states andcn
a(mn)

@wn
a(mn)# are the RPA forward@backward# amplitudes.

Quasiparticle-scattering terms such asam
†an are regarded as

higher-order terms in the boson-expansion theory and
neglected in the RPA.1

The equation of motion and the normalization conditi
in the RPA theory,

@hs.p.1H int ,Xn
a†#RPA5\Vn

aXn
a†, ~2.18!

@Xn
a ,Xn8

a †#RPA5dnn8, ~2.19!

are solved with the following multidimensional respon
functions:

Srr8
a

~V!5(
gd

H Rr
a~gd!*Rr8

a
~gd!

Eg1Ed2\V
1
Rr

a~gd!Rr8
a

~gd!*

Eg1Ed1\V
J ,

~2.20!

where (gd)5(mn̄ ) for a50 states, and (gd)
5(m,n),(m̄, n̄ ) for a51 states. The two-quasiparticl
matrix elements Rr

a(gd) are defined by Rr
a(gd)

[^v rotuadagRr
auv rot&. Let us denote the transition matrix e

ements between the RPA excited statesun& and the yrast
state as

tr
a~n![tn@Rr

a#[^v rotuRr
aun&

5^v rotu@Rr
a ,Xn

a†#uv rot&

5@Rr
a ,Xn

a†#RPA. ~2.21!

Then, the equation of motion~2.18! is equivalent to

1In the following, the notation@A,B#RPA means that we neglec
these higher-order terms in calculating the commutator betweeA
andB.
-

re
e

are

n

e

-

tr
a~n!5(

r8
xr

aSrr8
a

~V!tr8
a

~n!. ~2.22!

RPA solutions~eigenenergies! \Vn are obtained by solving
the equation

detSSrr8
a

~V!2
1

xr
drr8D50, ~2.23!

which corresponds to the condition that Eq.~2.22! have a
nontrivial solution@ tr

a(n)Þ0#. Each RPA eigenstate is char
acterized by the corresponding forward and backward am
tudes which are calculated as

cn
a~gd!5

(rxr
atr

a~n!Rr
a~gd!

Eg1Ed2\Vn
, ~2.24!

wn
a~gd!5

2(rxr
atr

a~n!Rr
a~gd!*

Eg1Ed1\Vn
, ~2.25!

and satisfies the normalization condition~2.19!. The transi-
tion matrix elementŝv rotuQun& of any one-body operator
Q can be expressed in terms of these amplitudescn and
wn :

tn@Q#[^v rotuQun&

5(
gd

$Q~gd!*cn~gd!2Q~gd!wn~gd!%.

~2.26!

The phase relation between the matrix elementsQ(gd) and
the amplitudes„cn(gd),wn(gd)… is very important, because
it determines whether the transition matrix elementtn@Q# is
coherently enhanced or canceled out after the summatio
Eq. ~2.26!. For instance, a collective quadrupole vibration
state has a favorable phase relation for the quadrupole op
tors. Therefore, it gives large matrix elements for theE2
operators, while for theM1 operators, the contributions ar
normally canceled out after the summation.

Finally we obtain a diagonal form of the total Hami
tonian in the rotating frame by means of the RPA theory,

H85hs.p.1H int'E081(
n,a

\Vn
aXn

a†Xn
a , ~2.27!

whereE08 corresponds to the Routhians for the yrast config
ration. Since we are interested in the relative excitation
ergy between excited states and the yrast state,E08 need not
be explicitly calculated. It is worth noting that since the e
fect of the cranking term on the quasiparticles depends
rotational frequency, the effects of Coriolis coupling on t
RPA eigenstates are automatically taken into account.

III. DETAILS OF CALCULATIONS

A. Mean-field parameters
and the improved quasiparticle Routhians

We adopt standard values for the parametersv l l andv ls
@34# and use different values of the oscillator frequencyv0

n
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for neutrons and protons in the Nilsson potential~2.2! in
order to ensure equal root-mean-square radii@35#:

v0→H S 2NA D 1/3v0 for neutrons,

S 2ZA D 1/3v0 for protons,

~3.1!

where\v0541A21/3 MeV.
The quadrupole deformatione is determined by minimiz-

ing the total Routhian surface~TRS!, and the strength for the
monopole pairing interactionG is taken from the prescrip-
tion of Ref. @36# with the average pairing gapD̃512A21/2

MeV and the cutoff parameter of the pairing model spa
L51.2\v0 . In principle the pairing gaps (Dn ,Dp) and the
chemical potentials (ln ,lp) should be calculated self
consistently satisfying the usual BCS conditions at each
tational frequency:

Gt^v rotuPtuv rot&5Dt , ~3.2!

^v rotuNtuv rot&5N~Z!, ~3.3!

with t 5(n,p). However, the mean-field treatment of th
pairing interaction predicts a sudden collapse of the pro
pairing gap at\v rot'0.3 MeV and of the neutron gap a
\v rot'0.5 MeV. This transition causes a singular behav
in the moments of inertia which is inconsistent with expe
mental observations. It arises from the poor treatment
number conservation, and such sudden transitions should
occur in a finite system like the nucleus. In this paper
have therefore adopted the following phenomenological p
scription for the pairing correlations at finite frequency@37#:

Dt~v!5H Dt~0!F12
1

2 S v

vc
D 2G for v,vc ,

1

2
Dt~0!S vc

v D 2 for v.vc .
~3.4!

The chemical potentials are calculated with Eq.~3.3! at each
rotational frequency. The parametersD(0)50.8 ~0.6! MeV
and\vc50.5 ~0.3! MeV for neutrons~protons! are used in
common for 190,192,194Hg.

The quadrupole deformatione50.44 is used in the calcu
lations. For simplicity, we assume the deformation to be c
stant with rotational frequency, and neglect hexadecap
deformation.2 The equilibrium deformation and pairing gap
have been determined atv rot50, with the truncated pairing
model spaceL51.2\v0 . Then, the pairing force strength
Gt are adjusted so as to reproduce the pairing gap of
~3.4! in the whole model space.

The experiments@16,17# have reported a sharp rise o
J (2) moments of inertia for the yrast SD band in190Hg at
\v rot'0.4 MeV. This rise was reproduced in the crank

2Possible errors caused by this simplification will not affect o
conclusion because the property of collective RPA solutions un
consideration may be insensitive to such details~see also discus-
sions in Sec. IV A!.
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Woods-Saxon calculations@38# and results from a crossin
between the yrast band and the alignedn( j 15/2)

2 band; how-
ever, the predicted crossing frequency was low
(\v rot'0.3 MeV! than in the experiment. Our Nilsson po
tential without the additional term~2.8! indicates the same
disagreement. In order to demonstrate the effects of the t
hadd on the Routhians, we present in Fig. 2 the quasipart
Routhians for 190Hg with hadd, without hadd, and for the
standard Woods-Saxon potential (b250.465, b450.055).
By includinghadd, the correct frequency is reproduced. Th
term affects the proton Routhians: For example, the ali
ment of the intruderp j 15/2(a521/2) orbit is predicted to be
i'6.5\ without hadd and this orbit becomes the lowest
\v rot>0.37 MeV. The alignment is significantly reduce
( i'4\) with hadd. The behavior of high-N intruder orbits in
the proton Routhians is similar to that in the Woods-Sax
potential. It is worth noting that the conventional renorm
ization in the Nilsson potential scales the rotational f
quency for all orbits, while Eq.~2.8! renormalizes alignmen
in a different way depending on the spurious effect on e
orbit.

r
er

FIG. 2. Quasiparticle Routhians for neutrons~left! and protons
~right! in 190Hg. The top parts show the Routhians in the Nilss
potential without the additional termhadd, the middle for those with
hadd, and the bottom for those in the Woods-Saxon potential w
the ‘‘universal’’ parameters. Solid, dashed, dotted, and dash-do
lines correspond to quasiparticles with (p,a)5(1,21/2),
(1,1/2), (2,21/2), and (2,1/2), respectively. See text for detail
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B. Residual interactions and the RPA

We adopt the following operators asRr
a in the residual

interactions~2.12!:

P1 P2 Q20
0 Q21

a Q22
a for p51 ,

Q30
1 Q31

a Q32
a Q33

a t̃3Q10
1 t̃3Q11

a for p52 ,
~3.5!

where t̃35t32(N2Z)/A which is needed to guarantee th
translational invariance. Here, the operatorsQlK

a are defined
by Eq.~2.13! in the doubly stretched coordinates, andP6 are
defined by

P15
1

A2
~ P̃1 P̃†!, ~3.6!

P25
i

A2
~ P̃2 P̃†!, ~3.7!

whereP̃5P2^v rotuPuv rot&. Note that theK50 quadrupole
~octupole! operatorQ20 (Q30) has a unique signaturea50
(a51), which corresponds to the fact thatK50 bands have
no signature partners.

Since we use the different oscillator frequencyv0 for
neutrons and protons in the Nilsson potential@see Eq.~3.1!#,
we use the following modified doubly stretched multipo
operators for the isoscalar channels:

QlK
a →H S 2NA D 2/3QlK

a for neutrons,

S 2ZA D 2/3QlK
a for protons.

~3.8!

This was originally proposed by Baranger and Kumar@35#
for quadrupole operators. Recently Sakamoto@39# has gen-
eralized it for an arbitrary multipole operator and proved th
by means of this scaling the translational symmetry is r
stored in the limit of the harmonic-oscillator potential. I
addition, for the collective RPA solutions this treatme
makes the transition amplitudes of the electric operators
proximatelyZ/A of those of the mass operators, in the sam
way as in the case of the static quadrupole moments@28#.

We use the pairing force strengthsGt reproducing the
pairing gaps of Eq.~3.4!. For the isovector dipole coupling
strengths, we adopt the standard values in Ref.@30#,

x1K52
pV1

A^~r 2!9&0
, ~3.9!

with A^(r 2)9&05^(k
A(r k

2)9&0 and V15130 MeV. The self-
consistent values for the coupling strengthsxlK of the iso-
scalar quadrupole and octupole interactions can be obtai
for the case of the anisotropic harmonic-oscillator potent
@33,39#:
e
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x2K
HO5

4pMv0
2

5A^~r 2!9&
, ~3.10!

x3K
HO5

4p

7
Mv0

2$A^~r 4!9&1 2
7 ~42K2!A^~r 4P2!9&

1 1
84 @K2~7K2267!172#A^~r 4P4!9&%

21,

~3.11!

with

A^~r nPl !&[S 2NA D 2/3K (
k

N

~r k!
nPl L

0

1S 2ZA D 2/3K (
k

Z

~r k!
nPl L

0

. ~3.12!

A large model space has been used for solving t
coupled RPA equations, including seven major shells w
Nosc53–9~2–8! for neutrons~protons! in the calculations of
positive-parity states, and nine major shells wit
Nosc52–10~1–9! for the negative-parity states. The mesh o
the rotational frequency for the calculations has been cho
asD\v rot50.01 MeV which is enough to discuss the prop
erties of band crossing and Coriolis couplings.

Since our mean-field potential is not the simple harmon
oscillator, we use scaling factorsf l as

xlK5 f lxlK
HO, ~3.13!

for the isoscalar interactions withl52 and 3. These factors
are determined by the theoretical and experimental requ
ments: As for the octupole interactions, we have the expe
mental Routhians for the lowest octupole vibrational state
SD 190Hg @17#. We assume the common factorf 3 for all K
values and fix it so as to reproduce these experimental d
In this casef 351 can nicely reproduce the experimenta
Routhians,3 and we use the same value for192Hg and
194Hg. For the quadrupole interactions, we determine it so
to reproduce the zero-frequency~Nambu-Goldstone! mode
for K51 atv rot50 and use the same value forK50 and 2.
f 251.007, 1.005, and 1.005 are obtained for190Hg, 192Hg,
and 194Hg, respectively, by using the adopted model spac
The fact that these values off l are close to unity indicates
that the size of the adopted model space is large enough

According to systematic RPA calculations for the low
frequencyb, g, and octupole states in medium-heavy d
formed nuclei, we have found that the values off l reproduc-
ing the experimental data are very close to unity for th
Nambu-Goldstone mode, theg and octupole vibrational
states. On the other hand, those values are quite differ
from unity for theb vibrational states. This may be assoc
ated with the simplicity of the monopole pairing interaction

3This value depends on the treatment of the pairing gaps at fin
frequency. If we use constant pairing gaps againstv rot , we get the
best valuef 351.05.
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Since we cannot find the realistic force strengthx20 for SD
states, we do not discuss the property of theb vibrations in
this paper.

IV. RESULTS OF NUMERICAL CALCULATIONS

A. Quasiparticle Routhians

In this section we present calculated quasipartic
Routhians in the improved cranked Nilsson potential and d
cuss their characteristic feature. In Fig. 3 we compare t
neutron quasiparticle Routhians for190,192,194Hg. The proton
Routhians of190Hg are shown above in Fig. 2 and are almo
identical for 192Hg and 194Hg.

FIG. 3. Neutron quasiparticle Routhians in the Nilsson potent
with hadd for SD

190,192,194Hg. See text and caption to Fig. 2 for
details.
le
is-
he

st

The calculations show the strong interaction strength be
tween thep~@642 5/2#)2 configuration~for simplicity we de-
note these orbits byp61 andp62 in the following! and the
yrast configuration which may contribute to the smooth in-
crease of the yrastJ (2) moments of inertia. On the other
hand, the interaction ofn @761 3/2# orbits (n71 andn72 in
the following! strongly depends on the chemical potential
~neutron number!: The interaction is strongest in194Hg, and
weakest in190Hg. This is qualitatively consistent with the
experimental observation of the yrastJ (2) moments of iner-
tia and the experimental quasiparticle Routhians in
191,193Hg @40,41#.
The characteristic features of the high-N intruder orbits

are similar to those of the Woods-Saxon potential, except th
alignments ofn71 and n72 orbits which are, respectively,
i'3\ and 2\ in ours while i'4\ and 3\ in the Woods-
Saxon potential. This results in the different crossing fre-
quency between the ground band and then( j 15/2)

2 band, as
discussed in Sec. III A. The observed crossing in190Hg and
the quasiparticle Routhians in191,193Hg seem to favor our
results. There are some other minor differences concernin
the position of each orbit in the Nilsson and in the Woods-
Saxon potential. However, these differences do not serious
affect our main conclusions because the collective RPA so
lutions are not sensitive to the details of each orbit.

B. Octupole vibrations

Here, we discuss the negative-parity excitations in SD
190,192,194Hg. We have solved the RPA dispersion equation
~2.23! and have obtained all low-lying solutions (Ex8<2
MeV!. The excitation energies and theB(E3) values calcu-
lated atv rot50 are listed in Table I. This result shows that
K52 octupole states are the lowest for these Hg isotope
which is consistent with our previous results@3,4#. The
B(E3;01→32,K) are calculated by using the strong cou-
pling scheme@30# neglecting effects of the Coriolis force.
Absolute values ofB(E3)’s cannot be taken seriously be-
cause they depend on the adopted model space and are v
sensitive to the octupole coupling strengthsx3K : For in-
stance, if we usef 351.05 instead off 351 in Eq.~3.13!, the
B(E3) increase by about factor of 2 while the reduction of
their excitation energy is about 15%. In addition, the effects
of the Coriolis coupling tend to concentrate theB(E3)
strengths onto the lowest octupole states@20#.

At v rot50, the lowestK52 octupole states exhibit almost
identical properties in190,192,194Hg. However, they show dif-
ferent behavior as functions ofv rot as shown in Figs. 4, 5,
and 6, respectively. All RPA solutions, including noncollec-
tive solutions as well as collective vibrational ones, are pre
sented in these figures. The size of the circle on the plo
indicates the magnitude of theE3 transition amplitudes be-

ial
3

TABLE I. Calculated excitation energies of octupole vibrations andB(E3;01→32,K) values estimated
using the strong coupling scheme for SD190,192,194Hg.

190Hg 192Hg 194Hg
K50 K51 K52 K53 K50 K51 K52 K53 K50 K51 K52 K53

E @MeV# 1.37 1.45 1.20 1.52 1.55 1.58 1.18 1.53 1.83 1.62 1.14 1.5
B(E3)/B(E3)s.p. 6.6 11.9 10.0 1.0 7.6 10.1 10.1 0.8 11.5 11.2 10.2 0.7
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tween a RPA solution and the yrast state.
The (K,a)5(2,1) octupole state in190Hg has significant

Coriolis mixing and the octupole phonon is aligned along th
rotational axis at higher frequency. This is caused by t
relatively close energy spacing between theK52 and the
K50,1 octupole states in this nucleus. These low-K mem-
bers of the octupole multiplet are calculated to lie muc
higher in 192Hg and 194Hg, which reduces the Coriolis mix-
ing in these nuclei. As a result of these phonon alignmen
the experimental Routhians for band 2 in190Hg are nicely
reproduced by the lowesta51 octupole state. It should be
emphasized that although the excitation energy at one f
quency point can be obtained by adjusting the octupole-fo

FIG. 4. Calculated RPA eigenenergies of negative-parity sta
for SD 190Hg, plotted as functions of rotational frequency. Ope
~solid! circles indicate states with signaturea50 (a51). Large,
medium, and small circles indicate RPA solutions withE3 transi-
tion amplitudes ((Ku^nuQ3K

e uv rot&u2)1/2 larger than 200e fm3, larger
than 100e fm3, and less than 100e fm3, respectively. Note that
Routhians for the yrast SD band correspond to the horizontal a
(Ex850). The observed Routhians for band 2@17# are shown by
open squares.

FIG. 5. The same as Fig. 4, but for192Hg.
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strengths, the agreement over the whole frequency region
not trivial.

Since there is noK50 octupole state in the signature
a50 sector, the Coriolis mixing is much weaker for the
lowest (K,a)5(2,0) octupole state. The calculation predicts
that this state is crossed by the negative-parity two
quasiparticle bandn(71^ @642 3/2#)a50 at \v rot'0.27
MeV.

In 192Hg, the same kind of crossing is seen for both sig
nature partners of theK52 octupole bands. We can clearly
see, for the lowest excited state in each signature sector, t
transition of the internal structure from collective octupole
states ~large circles in Fig. 5! to noncollective two-
quasineutron states~small circles!. The two-quasineutron
configurations which cross the octupole vibrational band
are 71^ @642 3/2#(a521/2) for a51 and 71
^ @642 3/2#(a51/2) for a50. The crossing frequency is
lower for thea51 band due to signature splitting of then
@642 3/2# orbits.

In contrast to 190,192Hg, the K52 octupole bands in
194Hg indicate neither the signature splitting nor the cross
ings. The Routhians are very smooth up to the highest fre
quency. This is because the neutron orbits 71 and 72 have a
‘‘hole’’ character and their interaction strengths with the
negative-energy orbits become larger with increasing neu
tron numbers~see Fig. 3!. Therefore these orbits go to higher
energy and the energies of the two-quasiparticle band
n(71^ @642 3/2#) never become lower than theK52 octu-
pole bands even at the highest frequency.

These properties of theK52 octupole vibrations come
from the effects of the Coriolis force and from the chemical-
potential dependence of the aligned two-quasiparticle band
In order to reproduce these rich properties of the collectiv
vibrations at finite frequency, a microscopic model, which
can describe the interplay between the Coriolis force and th
correlations of shape fluctuations, is needed.

C. g vibrations

In this section we present results for theg-vibrational
states built on the SD yrast band. As mentioned in Sec. III B
we do not discuss the property of theb band since it is

tes
n

xis

FIG. 6. The same as Fig. 4, but for194Hg.
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difficult to determine a reliable value of the coupling streng
x20 for theK50 channel of the quadrupole interaction.

The properties ofg bands atv rot50 are listed in Table II.
The excitation energies ofg vibrations are predicted to be
higher than theK52 octupole vibrations by 200–350 keV. I
is known that calculations using the full model space cons
erably overestimate theB(E2) values. In Ref.@28#, it has
been shown that the three-Nosc-shell calculation reproduce
the experimental values very well. If we use the model sp
Nosc55–7 ~4–6! for neutrons~protons!, then theB(E2) val-
ues in the table decrease by about factor of 1/3. The col
tivity of the g vibrations turns out to be very weak in thes
SD nuclei.

Figures 7, 8, and 9 illustrate the excitation energy ofg
vibrations as functions of the rotational frequency f
190Hg, 192Hg, and194Hg, respectively. The unperturbed two
quasiparticle Routhians are also depicted by solid~neutrons!
and dashed~protons! lines. Since theK quantum number is
not a conserved quantity at finite rotational frequency,
have defined the solutions with the largeK52 E2 transition
amplitude as theg vibrations. As seen in the figure, they los

TABLE II. Calculated excitation energies ofg vibrations and
B(E2;01→21,K52) values estimated using the strong coupli
scheme for SD190,192,194Hg.

190Hg 192Hg 194Hg

E @MeV# 1.39 1.50 1.45
B(E2)/B(E2)s.p. 2.7 3.0 3.8

FIG. 7. Calculated RPA eigenenergies forg vibrational states
for SD 190Hg, plotted as functions of rotational frequency. Th
lower part is for the signaturea50 Routhians and the upper for th
a51. Large solid, small solid, and small open circles indicate
g vibrational states whoseK52 E2 amplitudesu^nuQ22

e uv rot&u are
larger than 20e fm2, larger than 10e fm2, and less than 10e fm2,
respectively. The unperturbed two-quasineutron~two-quasiproton!
Routhians are also shown by solid~dashed! lines.
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their vibrational character by successive crossings with m
two-quasiparticle bands and become the dominant
quasiparticle states at high frequency. The reduction of
lectivity is more rapid for thea50 g vibrations, because th
two-quasiparticle states come down more quickly in
a50 sector. Similar crossings occur for theK52 octupole
bands in192Hg ~see Fig. 5!; however, the crossing frequen
is much higher than that of theg bands. This is because t
excitation energies of the octupole bands are relatively lo
than those of theg bands. The predicted properties ofg
vibrations are different from those in Ref.@42#.

In the frequency region (0.15<\v rot<0.4 MeV! where
the excited SD bands are observed in experiments, tg

g

e

e

FIG. 8. The same as Fig. 7, but for192Hg.

FIG. 9. The same as Fig. 7, but for194Hg.
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TABLE III. The lowest and the second lowest configurations at\v rot50.4 MeV in each parity sector.
The proposed assignments of the observed excited SD bands are also shown. The excitation energies of
negative-parity two-quasineutron states, 256 keV for190Hg and 441 and 632 keV for192Hg, contain very
weak octupole correlations. The corresponding unperturbed two-quasineutron energies are 261, 460, and 6
keV, respectively.

p51 p52

Lowest Second Lowest Second

190Hg Ex8 @keV# 113 389 '0 256
Config. n(71^72)a50 n(71^ @505 11/2#)a50,1 (oct. vib.)a51 n(71^ @642 3/2#)a50

Expt. Band 3 Band 2 Band 4

192Hg Ex8 @keV# 611 611 441 632
Config. n(71^ @512 5/2#)a51 n(71^ @512 5/2#)a50 n(71^ @642 3/2#)a51 n(71^ @642 3/2#)a50

Expt. Band 2 Band 3

194Hg Ex8 @keV# 857 892 738 759
Config. n(@514 7/2#)a50

2 p(@530 1/2#)a50
2 (oct. vib.)a50 (oct. vib.)a51

Expt. Band 2 Band 3
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bands are predicted to be higher than both theK52 octupole
bands and the lowest two-quasiparticle states. Therefore
perimental observation of theg vibrations is expected to be
more difficult than that of the octupole bands.

V. COMPARISON WITH EXPERIMENTAL DATA

In this section, we compare the results obtained in t
previous section with the available experimental data for t
excited SD bands in190,192,194Hg. The Routhians relative to
the yrast SD band have been observed only for band 2
190Hg and the comparison with our calculated Routhians h
been done in the Sec. IV B. The excitation energies of t
other bands are not known. Therefore, in order to comp
our theory with experimental data, we have calculated t
dynamic moments of inertia,J (2).

It is known that the effects ofNosc mixing, pairing fluc-
tuations, and higher-multipole pairing are important in repr
ducing absolute magnitude of the moments of inertia. On
other hand, our model aims at describing relative quantit
~excitation energy, alignment, etc.! between the excited and
yrast bands. Thus, instead of directly calculatingJ (2) in
terms of Eq.~2.10!, we decompose theJ (2) of the excited
bands as

J ~2!~v!5J 0
~2!~v!1

di

dv
5J 0

~2!~v!2
d2Ex8

dv2 , ~5.1!

whereJ 0
(2) denotes the dynamic moments of inertia for th

yrast SD bands~RPA vacuum!, and i andEx8 are the calcu-
lated alignments and Routhians relative to the yrast ba
respectively. TheJ 0

(2) values of the yrast SD bands are take
from the experiments and approximated by the Harris exp
sion,

J 0
~2!~v!5J013J1v

215J2v
4. ~5.2!

The expression~5.1! phenomenologically takes account o
the effects mentioned above. Those effects are included
the experimentalJ 0

(2) of Eq. ~5.2!.
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The lower the excitation energy of an excited band rel
tive to the yrast SD band, the more strongly will it be popu
lated. In experiments, the SD bands are populated at h
frequency; thus, it is the excitation energy in the feedin
region at high frequency that is relevant in this problem. W
list in Table III the calculated excitation energies of the low
lying positive- and negative-parity states at\v rot50.4 MeV.

In 190Hg three excited SD bands~bands 2, 3, and 4! have
been observed@16–18#. Band 2 has been assigned as th
lowest octupole band@16,17# because of its strong decays
into the yrast SD band. According to our calculations, i
addition to this octupole band (a51), the aligned two-
quasineutron bands come down at high frequency. We ass
band 4 at high frequency as then(71^ @642 3/2#)a50 be-
cause this negative-parity two-quasineutron state is cross
by the a50 octupole band at\v rot'0.26 MeV which
may correspond to the observed sharp rise ofJ (2)

at \v rot'0.23 MeV ~Fig. 4!. The positive-parity
n(71^72)a50 state is also relatively low lying at high fre-
quency. Since this band does not show any crossing
\v rot.0.12 MeV in the calculations, this may be a goo
candidate for band 3~Fig. 7!.

In 192Hg, two excited SD bands~bands 2 and 3! have
been observed@22# and both bands exhibit a bump inJ (2) at
\v rot'0.3 MeV ~band 2! and 0.33 MeV~band 3!. We as-
sume these bands correspond ton(71^ @642 3/2#)a50,1 at
high frequency. This two-quasineutron configuration fo
band 2 is the same as that suggested in Ref.@22#. However,
our theory predicts a different scenario at low spin: Th
band is crossed by the octupole band (a51) at \v rot'0.3
MeV. Thus, band 2 is interpreted as ana51 octupole vibra-
tional band in the low-frequency region (\v rot,0.3 MeV!.
In the same way, the bump inJ (2) in band 3 is interpreted as
a crossing betweenn(71^ @642 3/2#)a50 and thea50 oc-
tupole vibrational band~Fig. 5!.

For high frequencies, the positive-parity
n(71^ @512 5/2#) state is calculated to lie almost at the
same energy as the lowesta50 negative-parity state. How-
ever, no crossing is predicted for thea51 state at
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FIG. 10. Calculated~solid lines! and experi-
mental~symbols! dynamic moments of inertia for
excited SD bands in190Hg ~left!, 192Hg ~middle!,
and 194Hg ~right!.J (2) for the yrast SD bands are
also displayed at the top. Dotted lines indicate th
yrastJ (2), which are approximated by the Harris
formula ~5.2!. The parametersJ0 , J1 , and J2
used in the formula are shown in units of
\2 MeV21, \4 MeV23, and\6 MeV25, respec-
tively.
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\v rot.0.15 MeV but many crossings are predicted for t
a50 state~Fig. 8!. Both properties are incompatible wit
the observed features.

In 194Hg, two excited SD bands~bands 2 and 3! have
been observed@23,24#. In contrast to192Hg, the observed
dynamic moments of inertia,J (2), do not show any singula
behavior and are more or less similar to those of the y
band. Bands 2 and 3 have been interpreted as signature
ners because theg-ray energies of band 3 are observed to
midway between those of band 2 and furthermore the ba
have similar intensity@23#. From these observations and th
excitation energies listed in Table III, we assume that b
bands correspond toK52 octupole vibrations (a50, 1!,
which are calculated to be the lowest excited states~Fig. 6!.
Any other assignment faces serious difficulties:~i! The
positive-parity two-quasiparticle configurations listed
Table III have no signature partners.~ii ! The other low-lying
two-quasiparticle states occupyn71 or p61 orbits. Now the
increase inJ (2) for the yrast SD band is partially attribute
to the alignment of these high-j intruder orbits and, since th
blocking effect of the quasiparticles prevents any alignm
due to band crossings involving these orbits, the lack
alignment should produce anJ (2) curve quite different from
e

ast
art-
ie
ds
e
th

n

nt
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those of the yrast SD band.~iii ! The configuration
n(@512 5/2# ^ @624 9/2#) suggested in Ref.@23# has a prob-
lem with its magnetic property, which has been recen
pointed out in Ref. @43#. If this configuration is the
Kp572, then strongM1 transitions between the signatu
partners should have been observed. The energy of
Kp522 configuration is certainly lowered by octupole co
relations. In our calculations, however, this configuration
counts for only 20% of all components constituting the o
tupole vibration~iv!. The g vibrations are calculated to b
much higher and crossed by several two-quasiparticle ba
~Fig. 9!. Therefore, we believe the octupole vibration is t
best candidate.4

Assuming the above configurations, the dynamic m
ments of inertia,J (2), are calculated with Eq.~5.1!, and
compared with the experimental data~Fig. 10!. In 190Hg, the
characteristic features are well reproduced for bands 2 an
the constantJ (2) of band 2~the a51 octupole vibration!
and the bump of band 4~the crossing between thea50

4The signature for bands 2 and 3 is determined by following
spin assignment in Ref.@23#.
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octupole vibration and the aligned two-quasineutron ban!
are reproduced although the crossing frequency is smalle
the experiment. For band 3, the highJ (2) values at low spin
are well accounted for by the alignment gain of the tw
quasineutron state. However, the calculation predicts the l
of alignment due to the blocking ofN57 orbits at
\v rot.0.25 MeV, which makes theJ (2) smaller than those
of the yrast band.

In 192Hg, the bumps ofJ (2) are nicely reproduced in the
calculations, which correspond to the crossings betwe
K52 octupole vibrations and the aligned two-quasineutr
bands in each signature partner. The alignment gainDi be-
fore and after crossing for band 2 isDi'2\ which is com-
parable to the experimental valueDi expt'2.6\ @22#.

The agreement is less satisfactory in194Hg. The calcu-
lated J (2) are lower than the experimental data fo
0.2<\v rot<0.35 MeV~similar disagreement can be seen fo
band 3 in192Hg!. This effect comes from the blocking effec
mentioned above, associated with then71 , n72 , p61 , and
p62 orbits. In the RPA~Tamm-Dancoff! theory ~neglecting
the backward amplitudes!, the octupole vibrations are de
scribed by superposition of two-quasiparticle excitations,

uoct vib &5(
gd

c~gd!ugd&, ~5.3!

where ugd&5ag
†ad

†uv rot&. Some of these componentsugd&
associated with the particular orbits (n71 , n72 , p61 , and
p62) show significant lack of alignment. However, if the
octupole vibrations are collective enough, the amplitud
c(gd) are distributed over many two-quasiparticle excit
tions ugd&. Thus, each amplitude becomes small and bloc
ing effects may be canceled.

In order to demonstrate this ‘‘smearing’’ effect of collec
tive states, we use a slightly stronger octupole forc
f 351.05 in Eq.~3.13!, and carry out the same calculation
for 194Hg. The results are shown in Fig. 11. The higher co
pling strengths make the octupole vibrations more collecti
and the experimental data are better reproduced. Perhap
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collectivity of these octupole vibrations was underestimat
in the calculations withf 351.

Finally we should mention the decays from the octupo
bands to the yrast SD band. We have assigned all obser
excited SD bands~except band 3 in190Hg! as octupole vi-
brational bands~at least in the low-spin region!. However,
strong dipole decays into the yrast band have been obser
only for band 2 in190Hg. Although this seems to contradic
our proposals, in fact our calculations provide us with
qualitative answer.

Let us discuss the relativeB(E1;oct→yrast) values. Us-
ing theE1 recoil charge (2Ze/A for neutrons andNe/A for
protons!, then theB(E1) values at\v rot50.25 MeV are
calculated to be small for all theK52 octupole bands except

FIG. 11. Calculated~solid lines! and experimental~symbols!
dynamic moments of inertia for excited SD bands in194Hg. Thin
solid lines are the same as in Fig. 10, while thick lines indicate t
results obtained by using the slightly stronger coupling strengt
( f 351.05) for the octupole interactions. Dotted lines indicate th
J (2) for the yrast SD band~see caption to Fig. 10!.
d,
l

FIG. 12. ElectricE3 transition amplitudes,
ut@1/2(11t3)Q3K

a #u5u^v rotuQ3K
e un&u, for the

lowest RPA solutions with the signaturea50
~lower! and thea51 ~upper! for 190Hg ~left!,
192Hg ~middle!, and 194Hg ~right!. K50, 1, 2,
and 3 components are denoted by solid, dashe
dotted, and dash-dotted lines, respectively. Tota
values ~thick solid lines! are defined by
((Ku^v rotuQ3K

e un&u2)1/2.
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for the a51 ~band 2! in 190Hg: With the scaling factors
f 351;1.08 in Eq. ~3.13!, the calculation suggests
B(E1)'1027 Weisskopf units~W.u.! for the (K,a)5(2,0)
octupole bands, andB(E1)'1028–1026 W.u. for the
(K,a)5(2,1) bands. TheB(E1) for band 2 in190Hg is pre-
dicted to be larger than these values by one to two orders
magnitude,B(E1)'1026–1024 W.u. Although the absolute
values are very sensitive to the parameters used in the ca
lation, theE1 strengths of band 2 in190Hg are always much
larger than those for the other bands.

To clarify the reason for thisE1 enhancement in this
particular band, we display theE3 amplitudes (K50, 1, 2,
and 3! of these octupole states as functions of frequency
Fig. 12. As mentioned in Sec. IV B, the Coriolis mixing i
completely different between band 2 in190Hg and the others:
The former has significant Coriolis mixing at finite fre
quency while the latter retains the dominantK52 character
up to very high spin. Since theK52 octupole components
cannot carry anyE1 strength, the strongE1 transition am-
plitudes come from Coriolis coupling, namely, the mixing o
the K50 and 1 octupole components. Therefore, the o
served decay property does not contradict our interpretati

VI. CONCLUSIONS

The microscopic structure of theg and the octupole vi-
brations built on the SD yrast bands in190,192,194Hg were
investigated with the RPA based on the cranked shell mod
TheK52 octupole vibrations are predicted to lie lowest. T
reproduce the characteristic features of the experimental d
it was essential to include octupole correlations and the
fect of rapid rotation explicitly. From the calculations, w
assigned the following configurations to the observed exci
bands:

190Hg Band 2: The rotationally aligneda51 octupole
vibration.

Band 3: the two-quasineutron bandn(71^72).
Band 4: the (K,a)5(2,0) octupole vibration at

low spin, the two-quasineutron band
n(71^ @642 3/2#)a50 at high spin.

192Hg Band 2: the (K,a)5(2,1) octupole vibration at
low spin, the two-quasineutron band
n(71^ @642 3/2#)a51 at high spin.

Band 3: the (K,a)5(2,0) octupole vibration at
low spin, the two-quasineutron band
n(71^ @642 3/2#)a50 at high spin.

194Hg Band 2: the (K,a)5(2,0) octupole vibration.
Band 3: the (K,a)5(2,1) octupole vibration.

With these assignments, most of the experimentally obser
features were well accounted for in our theoretical calcu
tions.

The Coriolis force makes the lowest octupole state
190Hg align along the rotational axis, while this effect i
predicted to be very weak for other octupole states. This
of
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due to the relatively low excitation energy of theK50
(a51) octupole state in190Hg, in which the close spacing in
energy of the octupole multiplet makes the Coriolis mixin
easier. This aligned octupole phonon in190Hg reproduces the
observed behavior for band 2.

Our interpretation for the excited SD bands in
192Hg solves a puzzle mentioned in Ref.@22# in which band
2 was assigned as the two-quasineutron excitati
n(73^ @642 3/2#). The bump in theJ (2) curve was consid-
ered to be associated with a crossing between then71 and
n @512 5/2# orbits. According to this assignment, we expec
similar properties for the observed crossing in192Hg and
193Hg, and the difference of crossing frequencies and alig
ment gains was a puzzle. This is no longer a puzzle in o
interpretation because the microscopic structure of band 2
the octupole vibration~before the crossing!. Because of the
correlation-energy gains, the excitation energies of the oc
pole vibrations should be lower than the unperturbed tw
quasiparticle states. Therefore it is natural that the observ
crossing frequency is larger than the one predicted by t
quasiparticle Routhians without the octupole correlations.

Our interpretation also solves some difficulties in194Hg:
The smoothJ (2) behavior of bands 2 and 3 can be explaine
by the ‘‘smearing’’ effect of the collective states. The non
observation of the expected strongM1 transitions between
bands 2 and 3@43# is solved by substituting theK52 octu-
pole vibrations for the two-quasineutron state
n(@512 5/2# ^ @624 9/2#), because the octupole correlation
lower theK52 configurations and the summation of man
two-quasiparticle (M1) matrix elements may be destructive
@see discussion below Eq.~2.26!#.

EnhancedE1 transitions from the octupole states to th
yrast SD band are expected only for band 2 in190Hg. This
comes about because the other octupole states do not h
strong Coriolis mixing and keep theirK52 character even at
high frequency. This agrees with experimental observatio

Although most of the observed properties are explain
by our calculations, there remain some unsolved problems
190Hg and 192Hg. For 190Hg, according to the calculations
with constant pairing gaps reported in Ref.@19#, it is sug-
gested that band 4 may correspond to the (K,a)5(1,0) oc-
tupole band which is predicted to be crossed by the tw
quasineutron bandn(71^ @642 3/2#)a50 at \v rot'0.21
MeV. Because of the phenomenological treatment for t
pairing gaps at finite frequency, it is difficult to deny this
possibility. The experimental intensity of band 3 raises a
other ambiguity: Since it is much weaker than bands 2 and
it might be associated with a higher-lying configuration
@18#. For 192Hg, our calculations predict no signature split
ting for the lowest octupole bands at\v rot<0.25 MeV.
Therefore one may expectg-ray energies typical of the
signature-partner pair for bands 2 and 3 similar to that
194Hg, which is different from what is observed@22#. Im-
provement of the pairing interactions~fluctuations, quadru-
pole pairing! might solve these problems as well as enable
to perform reliable RPA calculations forb vibrations.

Theoretical study of octupole vibrations carrying larg
E1 strengths would be of great interest, because this co
offer direct experimental evidence. An improved version o



h

-

J.
of

g

2226 53NAKATSUKASA, MATSUYANAGI, MIZUTORI, AND SHIMIZU
calculations forE1 strengths of high-spin octupole bands
in progress, taking into account the restoration of trans
tional and Galilean invariance. TheK50 octupole vibration
in 152Dy has been predicted in Ref.@5# and its decay into the
yrast band has been suggested@14#. StrongE1 transition
probabilities have been suggested by Skalski@44# for K50
octupole states in theA5190 region. Therefore, the searc
for low-lying low-K octupole vibrations is an important sub
ject for the future.
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