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Octupole correlations in the transitional actinides and thespdf interacting boson model
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The region of light actinides (Z;88,N;134), which is thought to exhibit signs of stable octupole defor-
mation, offers a real challenge for nuclear structure models. We study the even-even Ra-Th nuclei in the
framework of thespd f interacting boson model and we find that while the properties of the low-lying states
can be understood without stable octupole deformation, higher spin states (J*12\) in some of these nuclei
~e.g., 226Ra) suggest that octupole deformation develops with increasing spin. We also discuss how octupole
deformation can arise in the rotational~dynamical symmetry! limit.
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I. INTRODUCTION

Nuclear octupole states, despite nearly 50 years of hist
are much less understood than quadrupole collective st
The question of the existence of octupole deformation
challenging for nuclear structure models. The difficu
arises from the fact that there are no specific establis
phenomenological criteria for the degree of octupole coll
tivity. Although there are many models@1#, microscopic or
macroscopic, geometrical or algebraic, there is yet no d
nite answer as to which nuclei are octupole deformed, if a
or which models adequately describe the occurrence
strong octupole correlations.

Extensive and numerous experimental and theoret
studies were dedicated over the years to the study of the
actinides where it has been argued that the nuclei arounZ
;88,N;134 might present intrinsic octupole deformatio
@1,2#. In the even-even nuclei in this region, alternating p
ity bands,Kp501

1 andKp501
2 , which are thought to indi-

cate the presence of stable octupole deformation, have
observed. However, the question of the existence of octu
deformation is still very much open and different empiric
signatures are controversial. The recent development
spectroscopic techniques have produced qualitatively
sets of data that constitute a real challenge for different m
els and extensive numerical studies are necessary to test
ability to describe the experimental features. A suitable a
versatile model for the description of quadrupole-octup
collective degrees of freedom is the interacting boson mo
@3#. The aim of this work is to obtain the simplest systema
description of a large region of transitional even-even nu
(Z586290, N51302142) and to test whether octupole d
formation is necessary and where it should appear.

II. spdf INTERACTING BOSON MODEL CALCULATIONS

The interacting boson model~IBM ! offers a phenomeno
logical approach of collective nuclear structure by introdu
ing bosons of a given spin that are associated with the
responding multipole modes. The quadrupole vibrations
deformations are described in terms of interactings and d
0556-2813/2001/63~5!/054306~9!/$20.00 63 0543
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bosons withLp501 and Lp521, respectively. Negative
parity states are described by introducing bosons with
values of angular momentum. Attempts to describe both
quadrupole and the octupole excitations were already p
posed at an early stage in the development of the mo
@4,5#. The f (Lp532) boson has been introduced in additio
to the standards and d bosons. As long as only octupol
vibrations are considered, the introduction of only onef bo-
son appears to be sufficient to describe the octupole vi
tional bands in quadrupole deformed nuclei@6–8#. However,
in order to describe the low-lyingK502 bands in transi-
tional actinides,p(Lp512) bosons were considered. Th
spd f version of the IBM was introduced by Hanet al. @9#
and by Engel and Iachello@10#. Since the entire model spac
is very large, different truncations of the Hilbert space or/a
the Hamiltonian have been applied and a variety of data s
cessfully explained in the rare-earth nuclei@11–14# and in
the actinides@15–18#. However, the recent increase in th
amount of available data in transitional actinides make
systematic study of the entire region very interesting a
challenging.

From the algebraic point of view, the introduction of thep
boson along with thef boson leads to many new symmetrie
Dynamical symmetries of the related group, U~16!, were
studied by Nadjakov and Mikhailov@20# and completely
constructed and classified by Kusnezov@11,19#. By coupling
the f boson algebra to thesd space of U~6!, no nontrivial
dynamical symmetries are realized. Introducing the ad
tional p boson, one obtains new symmetries, including vib
tional, rotational, andg-soft structures in the fullspd f space
@19#. We are interested in studying the behavior of negat
parity states in a region where the positive parity states
undergoing a transition from vibrators@Usd(5)# to rotors
@SUsd(3)#. The existence of the Uspd f(5) and SUspd f(3)
limits in the full space allows us to study this transition tre
ing positive and negative parity states on equal footing.

Although, the introduction ofp bosons appears to be dic
tated by the underlying microscopic structure@21#, there is
no clear understanding of its nature. Engel and Iachello@10#
considered that the origin of thep boson could be a possibl
correction of the spurious center-of-mass motion of
©2001 The American Physical Society06-1
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quadrupole-octupole intrinsic system. Otsuka and Su
@15#, on the other hand, have argued that correction for
spurious center-of-mass motion introduced by thep boson is
of the order ofO(1/A), which is negligible in the first ap-
proximation in heavy nuclei. Sugitaet al. @14# considered
that the p boson is related to the giant dipole resonan
~GDR!, thus thep boson energy (;15 MeV! is very high
compared to the energy of the other bosons (<1.5 MeV!. A
similar idea was used to show that the coupling of the G
states (p boson states! to the octupole-vibration states (f
boson states! is responsible for the existence of the two-bo
terms in thesd f E1 operator@22#, terms that are necessa
in order to explain theE1 data in quadrupole deformed nu
clei in the framework of thesd f IBM. Despite all these
studies, the justification and the physical significance of thp
boson still remain open questions.

Even though the dynamical symmetries of thesd IBM
constituted benchmarks for the phenomenology of the qu
rupole collectivity, in the case of octupole collectivity non
of the dynamical symmetries of thespd f model have been
fully exploited. TheZ;88,N;134 nuclei provide a good
test of the model due to the wealth of experimental inform
tion. In addition, it is also a region where octupole deform
tion has been predicted by microscopic-macroscopic calc
tions @2# to play a role in the behavior of the collectiv
negative parity states. In this way the low-lying negati
parity states in the light actinides could constitute a sev
test of the extension of thep f basis necessary to explain th
data.

Since these nuclei are undergoing a structural transitio
dynamical symmetry approach is not suitable and numer
calculations are needed. The structure of the positive pa
states in the light actinides is changing from the vibratio
to the rotational structure~the number of bosons,NB , in-
creases from 5 to 12!. This type of structural change is we
explained by a simple Hamiltonian@23,24# Hsd5edn̂d
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2kQ̂sd•Q̂sd. We assume that the same degrees of freed
will describe the evolution of the negative parity states
well. The Hamiltonian that contains the essential degree
freedom of the evolution from vibrational to rotational stru
ture is

H5edn̂d1epn̂p1e f n̂ f2kQ̂spd f•Q̂spd f , ~1!

where ep , ed , and e f are the boson energies andn̂p

52p†
• p̃, n̂d5d†

•d̃, andn̂f52 f †
• f̃ are the boson numbe

operators. The quadrupole operator

Q̂spd f5Q̂sd1Q̂p f

5@s†d̃1d†s#1xsd
(2)@d†d̃# (2)1

3A7

5
@p† f̃ 1 f †p̃# (2)

1xp f
(2)H 9A3

10
@p†p̃# (2)1

3A42

10
@ f † f̃ # (2)J ~2!

with xsd
(2)56A7/2 andxp f

(2)561 is related to the Casimi
operator of the SUspd f(3) subgroup of Uspd f(16). We note
that the equally good choiceQ̂spd f5Q̂sd2Q̂p f leads to iden-
tical results, the energy levels being invariant with respec
this relative sign between the quadrupole operators. C
cerning the sign ofxp f

(2) , we obtained a better fit withxp f
(2)

521 ~for xsd
(2)52A7/2) @i.e., sgn(xsd

(2) ,xp f
(2))5(2,2)].

Identical results for spectra and electromagnetic transiti
are obtained with sgn(xsd

(2) ,xp f
(2))5(1,1). Completely dif-

ferent results~see the discussion later related to the rotatio
dynamical symmetry limit in Sec. III! would be obtained if
sgn(xsd

(2) ,xp f
(2))5(1,2) or (2,1).

This Hamiltonian has a well-defined vibrational limi
characterized by the vibrational operatorsn̂p , n̂d , and n̂f ,
and the algebraic structure of the vibrational limit is simp
c

lei

r

FIG. 1. The parameters of thespd f Hamil-
tonian of Eq.~1! used for Rn, Ra, and Th isotopi
chains. Top: Thed-boson energy (ed) and the
strength of the quadrupole-quadrupole term (k)
as a function ofR4/2[E(41

1)/E(21
1) showing

that for spherical nuclei (R4/2;2.0) ed is large
(;0.4 MeV! andk is small~0.005 MeV! and for
transitional and quadrupole deformed nuc
(R4/2.2.5) ed is lower (;0.3 MeV! and k is
larger~0.014 MeV!. Bottom: The energy of thep
andf bosons (ep, f) as a function of boson numbe
NB .
6-2
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the product of the independent harmonic oscillator algeb
for each type of boson. The rotational structure is genera
by Q̂spd f

2 . The same strengthk of the quadrupole interaction
describes thesd bosons and thep f bosons as well. This form
of the quadrupole operator treats all bosons equally.
cross term of Q̂spd f

2 , given by 2Q̂sd•Q̂p f , provides a
quadrupole-quadrupole interaction between the positive
negative parity bosons. All the terms in our Hamiltonian@Eq.
~1!# are diagonal in the Uspd f(16).Usd(6)^ Up f(10) basis

FIG. 2. Experimental@27–43# ~continuous lines! and calculated
~dashed lines! energies for theKp501

1 ,01
2 bands.
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and consequently the numbers of positive (N1) and negative
parity (N2) bosons are separately conserved.

A. Dipole-octupole vibrations

The calculations were done with the codeOCTUPOLE@25#.
We start the study with only onep f boson. For the paramete
choices below, we will see that this is a good approximat
of the full space calculations for the low-energy states. T
Hamiltonian parameters~three boson energiesed ,ep , ande f
and the strengthk of the quadrupole-quadrupole interactio!
are shown in Fig. 1. They have a smooth behavior across
region:ed varies from 0.38–0.42 MeV for vibrational nucle
@R4/2[E(41

1)/E(21
1);2.0# to 0.30 MeV for rotational nu-

clei (R4/2;3.33). The parametersep ande f vary between 0.5
and 1.3 MeV and they behave very similar, withep slightly
higher, with a minimum forNB;8. It is worth noting that
near this minimumep5e f and these nuclei (224,226Ra and
228Th) are precisely those where octupole deformation
suspected to be strongest.ep5e f has particular significance
for our Hamiltonian and we will return to this issue in Se
III. The strengthk of the quadrupole-quadrupole interactio
has the same value~0.014 MeV! for almost all nuclei con-
sidered in this fit except the most spherical ones where
one expects, the value is much smaller~0.005 MeV!. This
ed ,k behavior is consistent with the behavior seen in tran
tional nuclei@26#.

In Fig. 2 we present a comparison of the calculat
~dashed! and experimental~solid! spectra. Here and in the
following figures the data are from Refs.@27–43#. The alter-
nating parity yrast bands (Kp501

1 and Kp501
2) for these

transitional nuclei are very nicely reproduced. The agr
ment is also very good for vibrational nuclei (NB55,6) in-
cluding the inversion of the 12 and 32 states~the 32 state is
lower than 12 in 218Rn @27# and 218Ra @28# and is higher in
all other nuclei!.
ic
FIG. 3. Top: The parametersxsp
(1) andxd f

(1) of
the T(E1) operator of Eq.~3! used to calculate
the transition rates in the Rn, Ra, and Th isotop
chains. Middle: Experimental~symbols! and the-
oretical~continuous lines! B(E1) branching ratio
from 11

2 states. Bottom: Similar to the middle
panels but forB(E1) branching ratios fromJ
>12 states in230,232Th.
6-3
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FIG. 4. Top: The effective chargee1 used to
calculate theE1 transition rates. The otherE1
parameters,xsp

(1) andxd f
(1) are presented in Fig. 3

~top!. Bottom: Experimental~symbols! and theo-
retical~continuous lines! spin averaged values fo
the B(E1)/B(E2) ratio. A single value fore2

was used, obtained from the fit of the know
B(E2) experimental values in these isotopes,e2

50.18e b, but only a mass dependente1, pre-
sented in the top part of the figure, reproduces
experimental points.
r

ev
r

e
e

al
of

av
th

o-
lle

d

se

r of
ect

cted
n-

ri-

le-

e

E1 transitions are studied using the one-body operato

Tspd f
(E1)5e1~@p†d̃1d†p̃# (1)1xsp

(1)@s†p̃1p†s# (1)

1xd f
(1)@d† f̃ 1 f †d̃# (1)!. ~3!

The E1 branching ratios depend only onxsp
(1) ,xd f

(1) and are
not dependent on the effective chargee1. The parameters
xsp

(1) ,xd f
(1) that fit the data are presented in Fig. 3~top!. Their

values across the three isotopic chains show a smooth
lution. They indicate also that the balance between the th
terms in theE1 operator in Eq.~3! is different for vibra-
tional, transitional or rotational nuclei.

In Fig. 3 ~middle! we compare the data and the IBM
calculations for the branching ratio B(E1;11

2

→21
1)/B(E1;11

2→01
1) for different isotopic chains and in

Fig. 3 ~bottom! for the branching ratiosB(E1;J2→@J
11#1)/B(E1;J2→@J21#1) as a function of spin for
230,232Th. In all cases the agreement with the data is exc
lent, including the large variation in magnitude of th
branching ratio as a function of spin in232Th.

Another test of the model constitutes theB(E1)/B(E2)
ratios. For theT(E2) operator we used the fullspd f form,
namely,T(E2)5e2Q̂spd f . The effective chargee250.18e b
is the same for all nuclei and is obtained from the fit of
knownB(E2) experimental values. The evolution in spin
the experimentalB(E1)/B(E2) ratios in these nuclei is
fairly constant~within errors!. Consequently, in Fig. 4~bot-
tom! we compare the experimental and theoretical spin
eragedB(E1)/B(E2) ratios. The agreement is obtained wi
a mass dependent effective chargee1 presented in Fig. 4
~top!. We note that the smaller value of theB(E1)/B(E2)
ratio for 224Ra compared with that in the neighboring is
topes is reproduced only by considering a slightly sma
effective charge.

The wealth of data in226Ra @37# offers the possibility of
an extensive comparison of theE1 andE3 matrix elements.
In Fig. 5 the experimentalE1 matrix elements are compare
05430
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with our calculations. The results with 1p f are represented
by the dashed line. TheE1 parameters are the same as tho
used in calculating the branching ratios for226Ra in Figs. 3
and 4, namely,xsp

(1)50,xd f
(1)521.5, ande150.023e fm. The

agreement is reasonable except the staggering behavio
the calculated matrix elements at high spins. This eff
could be a consequence of an incompletep-f content in
these states and, as we will see later, this could be corre
by a small additional interaction, which requires the exte
sion of the model space to morep f bosons.

In Fig. 6 we show the comparison between the expe
mentalE3 matrix elements in226Ra with the calculations.
The E3 operator is

Tspd f
(E3)5e3~@d† f̃ 1 f †d̃# (3)1xpd

(3)@p†d̃1d†p̃# (3)

1xs f
(3)@s† f̃ 1 f †s# (3)!. ~4!

FIG. 5. Comparison of the experimentalE1 matrix elements
@37# ~symbols! with IBM calculations with 1p f boson~dashed line!
and 3p f bosons~continuous line!. The Hamiltonian for the 3p f
boson calculation was obtained by adding a very small dipo
dipole interaction (a50.0005 MeV! @Eq. ~5!# to the Hamiltonian in
Eq. ~1!. The parameters for theE1 transition operator are the sam
as those used to calculate the branching ratios for226Ra in Figs. 3
and 4.
6-4
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Since the data onE3 matrix elements are limited to226Ra
it is not possible to search for a smoothly varying set ofE3
parameters across the region. We present in Fig. 6 the t
retical E3 matrix elements obtained withe3522.6e fm3,
xpd

(3)521, andxs f
(3)50.

The comparisons presented in Figs. 2–6 show that ca
lations with 1p f boson are able to reproduce the essen
features of the alternating parity bands in the light actinid
at least at low spin.

In order to see if thep boson is essential or not in descri
ing the negative parity states we show in Fig. 7 a comparison
of two sets of calculations corresponding to230Th: One cal-
culation uses the 1p f boson approach described in th
present work and the other is a 1f description from Ref.@8#.
Although the general pattern is similar, thespd f calculation
better describes the position of theKp502

1 band, i.e., lower
thanKp52g

1 . This could be partially due to slightly differ
ent parameters giving rise to the positive parity states.
effect on the calculatedB(E1) branching ratios is presente
in Table I, where a full comparison of the two calculations
made with all the experimentally knownB(E1) branching
ratios in 230Th. The two calculations agree with the expe
mental values except those when one of the transitions
the Kp502

1 band when both sets fail to reproduce the da

FIG. 6. Comparison of the experimentalE3 matrix elements
@37# ~symbols! with 1-p f IBM calculations~dashed line!. The pa-
rameters of theE3 operator in Eq.~4! are e3522.6e fm3, xpd

(3)

521, xs f
(3)50.
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In comparison with only onef boson, the addition of onep
boson does not change the essential features of the a
ment with the data at least for deformed nuclei as230Th.
Extending the basis to 3p f bosons does not improve th
agreement either. In lighter nuclei,222,224Ra and 226,228Th,
where theKp502

1 bandhead is known, the 1p f calculations
with the parameters in Fig. 1 predict too low~by 100–200
keV! 02

1 states. However, a slight change in the parame
~without keeping the samek and xsd

(2) values for all non-
spherical nuclei! would improve the agreement. More da
on Kp501 and other nonyrast states in these nuclei are n
essary in order to obtain unambiguous parameters an
make possible an extensive comparison of different calc
tions with 1f or 1p f bosons.

B. Dipole-octupole deformation

The calculations presented so far do not imply a dipo
octupole deformation, i.e., with only 1p f boson in the cal-
culations there are no negative parity bosons in the posi
parity states. The ground state may only have a quadru
deformation and the negative parity states are built
dipole-octupole vibrations on top of this ground state. In
der to see the effect of the presence ofp f bosons in the
positive parity yrast states, we extend the basis by allow
three negative parity bosons. However, the Hamiltonian
Eq. ~1! conserves separately the number ofsd and p f
bosons. Thus the positive parity states composed of (p f)2

components will not interact with positive parity states w
no p f bosons, such as the ground state band. This can
achieved by introducing a simple interaction which in co
trast to the Q̂sd•Q̂sd interaction, is not diagonal in the
Uspd f(16).Usd(6)^ Up f(10) basis and, hence, mixes th
positive parity states with differentp f components. This type
of mixing could be achieved by a dipole-dipole interaction
the form

Hint5aD̂spd f
†

•D̂spd f1H.c., ~5!
s

FIG. 7. Experimental values

for the energies of different band
in 230Th compared with spd f
~present work! andsd f @8# calcu-
lations.
6-5
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TABLE I. B(E1;Ji
2→Jf 1

1 )/B(E1;Ji
2→Jf 2

1 ) for octupole bands in230Th compared with calculations in
the 1p f and 1f limits of the IBM.

K2 Ji
2 Jf 1

1 Jf 2
1 Exp 1p f 1 f @8#

02 12 21
1 01

1 2.32~14! 2.42 2.60

32 41
1 21

1 2.15~24! 1.85 1.65

52 61
1 41

1 2.06~19! 1.61 1.21

72 81
1 61

1 2.12~24! 1.31 0.92

12 12 21
1 0gs

1 0.24~2! 0.44 0.17

12 2K50
2
1

1 21
1 0.6~2! 114 2.7

32 41
1 21

1 0.09~4! 0.04 0.54

22 22 2K50
2
1

1 21
1 0.28~7! 0.12 1.64

22 2g
1 21

1 1.2~6! 3.8 0.9

22 3g
1 2g

1 0.8~5! 0.3 0.8

32 41
1 21

1 0.31~9! 0.07 0.89

32 2K50
2
1

1 21
1 .0.2 48 0.05

32 2g
1 21

1 ,1.1 0.01 1.8
b
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where

D̂spd f
(1) 522A2@p†d̃1d†p̃# (1)1A5@s†p̃1p†s# (1)

1A7@d† f̃ 1 f †d̃# (1)) ~6!

is the dipole operator arising from theO(4) dynamical sym-
metry limit, which does not conserve separately the num
of positive and negative parity bosons@19#.

The calculations with the new Hamiltonian obtained
addingHint to the Hamiltonian in Eq.~1! and with an ex-
tended basis~up to 3p f bosons! change only slightly the
previous results. In Fig. 8 we compare the experimental
ergy spectrum of226Ra with the IBM calculations with 1p f
and 3p f bosons. In the case of three negative parity bos
05430
er

n-

s

we added an interaction term~5! with a very small strength,
a50.0005 MeV, to the Hamiltonian of Eq.~1!. The two sets
of calculations produce very similar yrast energies. T
B(E1) branching ratios are reproduced with the same se
parameters values. However, the absoluteE1 matrix ele-
ments are slightly changed and the variation with spin
much better reproduced~the continuous line in Fig. 5!. Thus,
the yrast structure changes modestly with an improvemen
the detailed behavior of theE1 transition rates at high spin
However, the nonyrast structure is changed dramatica
The density of nonyrast states is higher and an additio
positive parity band, labeled ‘‘3’’ in Fig. 8, containing 2p f
bosons is predicted at;0.5 MeV. This band is primarly
composed of (p f)2 bosons at low spin. However in the fig
c-

is
-
-

FIG. 8. Comparison of the experimental spe
trum of 226Ra with 1p f and 3p f calculations.
The first twoKp501 bands in the 1p f calcula-
tion are labeled ‘‘1’’ and ‘‘2.’’ In the 3p f calcu-
lation an additionalKp501 band of (p f)2 char-
acter at low spin appears near 0.5 MeV and
labeled ‘‘3.’’ The levels within a band are con
nected via strongB(E2) values and, as a conse
quence, the (p f) content of bands ‘‘1’’ and ‘‘3’’
interchange nearJp;12\ ~see Fig. 9!.
6-6
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OCTUPOLE CORRELATIONS IN THE TRANSITIONAL . . . PHYSICAL REVIEW C 63 054306
ure, the bands are organized according to theB(E2)
strength. NearJ;12\, the states in bands ‘‘1’’ and ‘‘3’’ mix
strongly and above 121, the (p f)2 character of the wave
functions becomes yrast and now appears in band ‘‘
Hence, the dipole-dipole interactions inducesp, f compo-
nents in the wave functions of the yrast states. Figur
shows that the amount of negative parity bosons in y
states, i.e., the dipole-octupole deformation is increas
with spin with a sudden increase at spinJ;12\. The lack of
experimental data on nonyrast states prevent us to draw
definite conclusion about the exact contribution of the f
space relative to only 1p f boson. In rotational nuclei, like
230Th, where nonyrast states are known, extending the b
a
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n
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to 3p f bosons does not improve the agreement. It seems
more interactions must be added to the Hamiltonian~1! in
order to describe the nonyrast states in these nuclei.

III. ROTATIONAL DYNAMICAL SYMMETRY

As was mentioned above, the introduction of thep boson
along with thef boson leads to many new symmetries@19#.
Although the Hamiltonian in Eq.~1! describes the transition
from vibrator to rotor, the presence of all terms in the calc
lations prevents in general the appearance of a dynam
symmetry. There is a notable exception: in some cases~e.g.,
226Ra) ep5e f . We consider the consequences ofep5e f in
the rotational limit. This limit is defined by the group cha
Uspd f~16! . Usd~6! ^ Up f~10! . SUsd~3! ^ SUp f~3! . SUspd f~3! . Ospd f~3!,

NB N1 N2 ~l1m1! ~l2m2! ~lm! J ~7!
-
is
o-

ric

en-

se

the
nd
ese
him

-
m

where the quantum numbers associated with each algebr
shown. This subalgebra conserves separately the numb
sd (N1) andp f (N2) bosons.

A simple dynamical symmetry Hamiltonian for this rot
tional limit is

H5e2N̂22kQ̂spd f
2 . ~8!

Here e25ep5e f , N̂25n̂p1n̂f , and Q̂spd f is the quadru-
pole operator of SUspd f(3) @see Eq.~2!#. This Hamiltonian is
similar to that used in the fits presented in Sec. II@Eq. ~1!#
with a few notable exceptions. In our study, the posit
parity states have a transitional structure breaking
SUsd(3) limit, so that the additional interactionedn̂d is re-
quired. For the negative parity states, the SUp f(3) symmetry
is restored only in certain nuclei whereep5e f . In this case
the Casimir operator of Up f(10) (ep5e f) can be used@see
Eq. ~7!# instead of breaking this symmetry to Uf(7)
^ Up(3) (epÞe f), and one can still have rotational symm
try for the negative parity states. As we mentioned earl
there are some sign ambiguities in the definition ofQ̂sd and

FIG. 9. Negative parity boson content in yrast states as a fu
tion of spin in 226Ra for the calculations with 3p f bosons using the
Hamiltonian in Eqs.~1! and ~5!.
are
of

e

r,

Q̂p f , the generators of SUsd(3) and SUp f(3). In Q̂sd we can
choosexsd

(2)56A7/2. In the decomposition~7!, the choice
xsd

(2)52A7/2 corresponds to (l1m1) and prolate quadru-
pole deformation, whilexsd

(2)51A7/2 corresponds to the
conjugate representation (m1l1) and oblate quadrupole de
formation. In the IBM-1, this difference in representations
indistinguishable except in the sign of the quadrupole m
ments.

A similar behavior holds forxp f
(2)561 in Q̂p f . When

xp f
(2)521 we have (l2m2), while xp f

(2)511 corresponds to
(m2l2). In this case we do not have a simple geomet
interpretation of the shapes.

When we consider the spectra of SUspd f(3), wemust ob-
tain the allowed quantum numbers by coupling the repres
tations of SUsd(3) to SUp f(3). It is at this point that the
ordering (lm) or (ml) makes a difference. When we choo
sgn(xsd

(2) ,xp f
(2))5(2,2) or (1,1), we obtain a particular

set of (lm). If we choose instead (1,2) or (2,1) we
obtain a different set of quantum numbers. Consequently,
dipole-octupole excitation built on prolate or oblate grou
states will have distinct features. The allowed ranges of th
quantum numbers have been recently studied by Ibra
@44#.

The spectrum of Eq.~7! is given by

E5e2N22
k

2
@l21m21lm13~l1m!#1

3

8
kJ~J11!.

~9!

The allowed range of (lm) is obtained from the coupling
(l1m1) ^ (l2m2) for sgn(xsd

(2) ,xp f
(2))5(2,2), or (1,1)

or from the coupling (m1l1) ^ (l2m2) @or (l1m1)
^ (m2l2)] for sgn(xsd

(2) ,xp f
(2))5(2,1) @or (1,2)]. The

situation sgn(xsd
(2) ,xp f

(2))5(2,2) corresponds to our nu
merical study and we show in Fig. 10 a typical spectru
corresponding to this symmetry choice in Eq.~9! (k.0).

c-
6-7



te

y

-
r-
or

g
-

r

g
hey

r,
s.

lear
in
g

on.

ith
f
m-
te
but

ac-
E

R-

N. V. ZAMFIR AND DIMITRI KUSNEZOV PHYSICAL REVIEW C 63 054306
Here the quantum numbers (lm), N2 , andJp are all indi-
cated. One immediate observation is that the ground sta
not dipole-octupole deformed sinceN2 5 0. Rather, this
deformation (N252) sets in at higher excitation energ
given byDE52e22k(4N15).

In general, the Hamiltonian~8! allows ground state quad
rupole deformation (N1.0) or ground state octupole defo
mation (N2.0) but not both. The reason is as follows: F
e2.0, the lowest energy band will have (l,m)5(2NB,0)
and describes states withN250 andN15NB . The states
with maximum octupole deformation, (lm)5(3NB,0),
whereN25NB are higher in the spectra due to the ener
offset e2N2 . When e2→0, these maximally octupole de

FIG. 10. Spectra of the SUspd f(3) Hamiltonian @Eq. ~9!# for
NB59 (e250.4 MeV, k50.014 MeV!. The quantum numbers
N2 , l, andm are given for each band.
od

.A

n

e

05430
is

y

formed states becomes yrast and haveN25NB ~or NB21 if
NB is odd!. Hence the ground state has either maximumN1

or N2(5NB2N1) but not both.
Another feature of this rotational limit is that molecula

bands (01,12,21,32, . . . ) canonly occur by accident. For
example, interleaving dipole-octupole deformedKp501

(N252) and Kp502 (N253) bands will occur if e2

5k(2NB14). In Fig. 10 this would correspond to adjustin
the energy of the leftmost and rightmost bands so that t
interleave. This correction changese250.4 MeV ~used in
the figure! to e250.31 MeV. But, as we mentioned earlie
this does not change the octupole character of the band

IV. CONCLUSION

We obtained a consistent picture over the entire nuc
region of the light actinides using a simple Hamiltonian
the spd f space of the IBM. The structure of the low-lyin
states are found to have at most 1p f boson, which is equiva-
lent to the lack of ground state dipole-octupole deformati
However, the behavior ofE1 matrix elements in226Ra for
J>12\ shows that the octupole correlations increase w
spin and at a medium spin (J;12\) there is an onset o
dipole-octupole deformation in agreement with a pheno
enological analysis@45#. It appears that in the ground sta
these nuclei are soft against dipole-octupole deformation
rotation stabilizes the dipole-octupole deformation.
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