
PHYSICAL REVIEW C SEPTEMBER 1998VOLUME 58, NUMBER 3
Octupole states in deformed actinide nuclei with the interacting boson approximation
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Octupole states have been studied systematically in the deformed actinide nuclei230Th, 234,236,238U, 240Pu,
246Cm, and250Cf using the interacting boson approximation 1. Parameters for the positive parity cores were set
by reproducing data from the ground state andg-vibration bands with the extended consistent-Q formalism. A
prescription for setting the parametere f systematically was adopted for the calculations of the octupole bands.
The ordering of theKp502, 12, and 22 bands and the behavior of manyE1 andE3 transitions are well
reproduced with a narrow range of parameters, particularly when the existence of aN5164 subshell gap is
assumed. It is predicted that in246Cm and250Cf the Kp532 octupole states built on the ground state are
located above 6 MeV and are strongly fragmented.@S0556-2813~98!02509-6#

PACS number~s!: 21.60.Fw, 21.10.Re, 23.20.Lv, 27.90.1b
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I. INTRODUCTION

Low-lying collective negative parity states in even-ev
nuclei of the actinide region are generally interpreted eit
as octupole vibrational states or as rotational states of a s
cally octupole deformed nucleus. Despite considerable th
retical and experimental effort during the last fifteen yea
there are still many open questions about octupole collec
ity in this region. For example, in several Ra and Th isoto
which appear to be stably octupole deformed at high sp
the boundary between static and dynamic deformation
blurred at low spins where the experimental evidence s
gests a softening of the octupole deformation. However,
negative parity bands of severalA>228 nuclei were success
fully explained using RPA calculations@1# as bands built on
octupole vibrations. These bands are now considered to
some of the best examples of octupole vibrational beha
in quadrupole deformed nuclei.

Octupole vibrations can be described in the framework
the interacting boson approximation~IBA ! @2# by introduc-
ing an f boson of angular momentumLp532 in addition to
the usuals (Lp501) andd (Lp521) bosons@3#. Barfield
et al. @4# performed a systematic study of thesd f Hamil-
tonian and its parameters in the deformed rare-earth reg
In Ref. @5#, a new parameter constraint was placed on
sd f Hamiltonian by interpreting the energy of thef boson as
the centroid of the low-lying octupole strength. Even w
this constraint, a detailed description of octupole bands in
deformed rare-earth nuclei was achieved with smoot
varying parameters. Data on energies,E3 strength distribu-
tions, andE1 transition strengths for theKp502, 12, and
22 bands were reproduced satisfactorily. The calculati
predict that in several of these nuclei theE3 strength asso
ciated with theK53 octupole states is located at energ
above 6 MeV, an energy range usually associated with
low-energy octupole resonance~LEOR! @6#.

In the present article, we apply the same prescription u
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in Ref. @5# to study the applicability of the IBA-1 with onef
boson to octupole bands in the deformed actinide reg
Since the existence of a spherical subshell closure
N5164 has been proposed@7# ~in addition to the major shel
closure assumed to occur atN5184), we also examine the
role of the boson number on the selection of parameters

II. INTERACTING BOSON MODEL DESCRIPTION OF
THE POSITIVE PARITY STATES

In order to describe the positive parity levels we use
IBA-1 in the extended consistentQ formalism ~ECQF!, in
which the Hamiltonian takes the form@8#:

Hsd5ednd1a2QdQd , ~1!

where

Qd5~s†d̃1d†s!1x2~d†d̃!~2!, ~2!

and the electric quadrupole operatorT(E2)5e2Qd .
In typical deformed nuclei, one often uses the simp

consistentQ formalism ~CQF! with ed50. However, it was
recently shown@9# that finiteed values improve fits even fo
well-deformed rare-earth nuclei. For the deformed actin
calculations described here, we adopted the same fit
method introduced in Ref.@8# and used in Ref.@9# for the
rare-earth region.

Equations~1! and ~2! involve three parametersed , x2 ,
anda2 , plus the boson numberNB , defined as half the sum
of the numbers of valence protons and neutrons relative
the nearest closed shell. For protons, we consider the u
closed shell atZ582 and for neutrons,N5126 and
N5184. Following the suggestion of Ref.@7#, we also search
for evidence of the proposed spherical subshell closure
N5164 by examining the plausibility of the parameter s
necessary to fit the data with and without the effect of t
closure on the boson number.
1500 © 1998 The American Physical Society
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The parameters were determined by fitting the energie
the states in the ground andg bands—with a particular em
phasis on the low spin states—and the ratioB(E2;2g

1

→0g.s.
1 )/B(E2;21

1→0g.s.
1 ). The wave functions for a given

boson numberNB depend only on two parametersx2 and
ed /a2 . Therefore, we can determine these two parameter
fitting energy ratios andB(E2) ratios. The absolute energ
scale can then be set by adjustinged and a2 ~keeping their
ratio constant! and the absoluteB(E2) values can be repro
duced by adjusting the effective chargee2 .

This procedure can be performed using contour plots s
as those forNB521 shown in Fig. 1. This boson numbe
corresponds to250Cf, assuming theN5164 subshell gap
does not exist. The plots ofB(E2;2g

1→0g.s.
1 )/B(E2;21

1

→0g.s.
1 ), which is shown in Fig. 1~a!, and E(2g

1)/E(21
1)

@Fig. 1~b!# each include a cross-hatched area which sho
the range of parameters which approximately reproduces
data on these two observables@0.00676~119! and 24.2, re-
spectively#. It is clear thated /a2 must be nonzero to repro
duce the data andx2 must fall near22/51/2. Once these
values are set,ed anda2 are selected to reproduceE(21

1).
Table I gives the values of the parameters for the posi

parity states for the nuclei studied here. The effective char
e2 were selected to reproduce the experimental data
B(E2;21

1→0g.s.
1 ). A comparison of the calculated energi

for ground andg bands with the data are presented in t

FIG. 1. Contour plots of ~a! B(E2;2g
1→0g.s.

1 )/B(E2;21
1

→0g.s.
1 )3103 and~b! E(2g

1)/E(21
1) for boson number 21. The val

ues of2ed/2a2 andx2351/2 which are consistent with the exper
mental values of both quantities for250Cf are indicated by the cross
hatched area.
of

by

h
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upper panels of Figs. 2–8. The first excitedKp501 bands
are not shown, and the calculated energies for these b
are 300–500 keV higher than the experimental values. T
latter result is not unusual—it is a feature of many IBA ca
culations@8#. The experimental and calculated values of t
ratio R5B(E2;2g

1→0g.s.
1 )/B(E2;21

1→0g.s.
1 ) are also given

in the upper panels of Figs. 2–8.
The IBA parameters fall into narrow ranges for almost

the nuclei studied here. The one exception is250Cf, which
for NB521 ~the boson number if theN5164 subshell gap
does not exist! yields ed5350 keV anda25210.5 keV.
These values are far out of the ranges set by the other
topes calculated here: 80 to 180 keV fored and 216.0 to
221.5 keV fora2 . If the N5164 subshell gap does exist, a
suggested in Ref.@7#, then NB514 for 250Cf. The con-
tour plots for B(E2;2g

1→0g.s.
1 )/B(E2;21

1→0g.s.
1 ) and

E(2g)/E(21
1) with NB514 which are given in Fig. 9 show

that a much smallered/2a2 ratio and, therefore, a smalle
value of ed are needed to reproduce the data. In fact,
values ofed anda2 obtained forNB514 (ed5100 keV, a2
5216.5 keV) fall within the ranges defined by the oth
nuclei in the present study. This result suggests that thN
5164 spherical subshell gap indeed exists, particularly si
250Cf would be the most sensitive to the presence of the
among the nuclei studied here because its boson numb
most strongly affected. In the case of246Cm, the boson num-
ber changes by five~from 19 to 14! if the N5164 gap exists,
but the parameters obtained for these two boson number
quite similar. In238U and 240Pu, the boson number change
by only one if theN5164 gap exists, so almost no change
parameters occurs. The boson numbers are unaffected b
possible subshell closure in230Th, 234U, and 236U. The pa-
rameters for calculations which do and do not assume
subshell gap are given in Table I, and the results of both
of calculations are given in Figs. 5–8.

The behavior of thee2 values suggests that an effectiv
number of bosons intermediate between those given by
assumptions of theN5164 and 184 shell closures would b
most appropriate. When the existence of theN5164 subshell
closure is assumed, the effective charges necessary to re
duce the data in246Cm and250Cf (0.21 eb) are higher than
those in 230Th and 234,236,238U (0.18– 0.20eb). If no sub-
shell closure is assumed, effective charges of 0.16
0.15 eb—lower than in Th and U—are obtained for246Cm

TABLE I. IBA parameters for positive parity states.

Nucleus NB ed (keV) a2 (keV) x2 e2 (e b)

230Th 11 180 216.5 20.84 0.20
234U 13 80 218.0 20.77 0.19
236U 14 80 218.5 20.69 0.18
238U 14 50 219.5 20.77 0.18

15 80 218.0 20.77 0.18
240Pu 15 120 217.0 20.91 0.18

16 120 216.0 20.91 0.17
246Cm 14 80 219.5 20.77 0.21

19 140 216.0 20.72 0.16
250Cf 14 100 216.5 20.89 0.21

21 350 210.5 20.94 0.15
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1502 PRC 58P. D. COTTLE AND N. V. ZAMFIR
and 250Cf, respectively. An intermediate effective boso
counting scheme would yield a constante2 value across the
region. This effective boson number would be similar to th
deduced by Scholten@24# to take into account the subshe
closure atZ564 in the rare-earth region. However, in th
present work we will not consider effective boson numb
as in Ref.@25# and we will limit ourselves to the assumption
of N5164 and 184 shell closures.

FIG. 2. ~a! Experimentally observed values of the energies
ground state andg-vibration bands and the ratioR5B(E2;2g

1

→0g.s.
1 )/B(E2;21

1→0g.s.
1 ) in 230Th; ~b! calculated values of the en

ergies for ground state andg-vibration bands and the ratioR; ~c!
experimentally observed energies forKp502, 12, and 22 octu-
pole bands;~d! calculated energies forKp502, 12, and 22 octu-
pole bands;~e! experimentally observedB(E3;0g.s.

1 →32) values
for the Jp532 members of theKp502, 12, and 22 octupole
bands;~f! calculatedB(E3;0g.s.

1 →32) values for theJp532 mem-
bers of theKp502, 12, and 22 octupole bands. Data are take
from Refs.@10–12#.
t

s

III. OCTUPOLE STATES IN THE IBA-1 sdf MODEL

Octupole states are described in the IBA-1 by adding
single f boson withL53 to the usuals-d boson model space
@3,4#. The total number ofs, d, and f bosons is conserved
and the number off bosonsnf can be zero or one, for posi
tive and negative parity states, respectively. The Hamilton
is

H5Hsd1H f1Vsd f , ~3!

where Hsd describes the positive parity core,H f is the
f -boson Hamiltonian, andVsd f describes thef -sd interac-
tion. The f -boson HamiltonianH f is given by

H f5e fnf , ~4!

r
FIG. 3. Similar to Fig. 2 for 234U. Data are taken from

Refs.@13, 14#.
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PRC 58 1503OCTUPOLE STATES IN DEFORMED ACTINIDE NUCLEI . . .
where e f is the f -boson energy. The interaction termVsd f
used here is identical to that used in Refs.@4, 5#:

Vsd f5A1LdL f1A2QdQf1A3 :Ed f
1 Ed f :, ~5!

where

L f52A7~ f † f̃ !~1!, ~6!

Qf522A7~ f † f̃ !~2!, ~7!

and the normal-ordered exchange term

:Ed f
1 Ed f ª5:~d† f̃ !~3!~ f †d̃!~3!:. ~8!

FIG. 4. Similar to Fig. 2 for 236U. Data are taken from
Refs.@13, 15#.
Here, as in Ref.@5#, we interprete f as the energy of the
low-energy octupole state~LEOS!. Since the LEOS is frag-
mented in deformed nuclei, the energy of the LEOS~and
thereforee f) in a deformed nucleus was taken to be t
centroid of the observed octupole strength, which is given
@26#

C5
S iEiB~E3;0g.s.

1 →3i
2!

S iB~E3;0g.s.
1 →3i

2!
, ~9!

whereEi is the energy of thei th Jp532 state. To sete f in
each nucleus we used the systematic behavior of the
served energy centroids, so that inaccuracies introduced
the poor quality of data in individual nuclei are minimized

The systematic behavior of the octupole centroids for
deformed actinide region (N.140) as a function of neutron
number is shown in Fig. 10. This information comes fro
inelastic scattering and Coulomb excitation measureme
performed with protons, deuterons, anda particles. Experi-
mental studies in which more than one 32 state was mea-
sured were included. There are experimental errors inhe
in the measurements of theB(E3;0g.s.

1 →32) values, and
these translate into errors in the centroid energies. Howe
these errors are always less than 50 keV, so we have
included them in the figures. We include all 32 states, even
if they are not assigned to octupole bands by the experim
ers. There is some variation in the quality of the data; ho
ever, the compilation is sufficient for the purposes of t
present work.

Throughout the deformed actinide region, the energy
the octupole centroid appears to increase as a functio
neutron number. This behavior can be explained in terms
a schematic description of octupole states@29–31#. In spheri-
cal nuclei, octupole states consist primarily of two quasip
ticle excitations involving the unique parity orbit and th
normal parity orbit with three fewer units of both total an
orbital angular momentum than the unique parity orbit. F
the N.126 major shell, the relevant neutron orbits arej 15/2
andg9/2. NearN5126, theg9/2 orbit is actually the lowest
in the major shell. As neutrons are added at the beginnin
the shell, theg9/2 orbit fills and the energy of the octupol
state falls. ByN5140, theg9/2 orbit is full and thej 15/2 orbit
is beginning to fill, causing the energy of the octupole st
~or centroid of octupole states! to increase. The onset o
quadrupole deformation atN5134 results in the breaking o
the degeneracies of the magnetic substates of the single
ticle orbits; however, the centroids of the orbits rema
roughly the same, and this general description of the beh
ior of the octupole centroid remains valid, even in deform
nuclei.

We use the relationship between the octupole centr
energy and the neutron number to sete f . The dashed line
drawn in Fig. 10 fromN5140 to N5152 provides a pre-
scription fore f ~with e f5ELEOS) and is given by the equa
tion

ELEOS5@~34.37!3N24043# keV. ~10!

This equation gives a reasonable description of the s
tematic behavior of octupole centroids aboveN5138. The
slope of this line, 34.37 keV, is similar to the 40 keV slop
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FIG. 5. ~a! Experimentally observed values of the energies for ground state andg-vibration bands and the ratioR5B(E2;2g
1

→0g.s.
1 )/B(E2;21

1→0g.s.
1 ) in 238U; ~b! calculated values of the energies for ground state andg-vibration bands and the ratioR assuming the

N5184 shell closure;~c! similar to ~b! but assuming theN5164 subshell closure;~d! experimentally observed energies forKp502, 12,
and 22 octupole bands;~e! calculated energies forKp502, 12, and 22 octupole bands assuming theN5184 shell closure;~f! similar to
~e! but assuming theN5164 subshell closure;~g! experimentally observedB(E3;0g.s.

1 →32) values for theJp532 members of theKp

502, 12, and 22 octupole bands;~h! calculatedB(E3;0g.s.
1 →32) values for theJp532 members of theKp502, 12, and 22 octupole

bands assuming theN5184 shell closure;~i! similar to ~h! but assuming theN5164 subshell closure. Data are taken from Refs.@16–18#.
i

al

-

found in the rare-earth region@5#. This is not surprising since
the structures of the valence neutron shells in the two reg
are quite similar.

The E3 transition rates are calculated with the opera
@4#

T~E3!5e3@s† f̃ 1x3~d† f̃ !~3!1H.c.# ~11!

wheree3 is the boson octupole effective charge. The co
puter codes used for these calculations werePHINT andFBEM

@32#.
ons

tor

m-

IV. CALCULATIONS OF ENERGIES AND B„E3… VALUES
FOR Kp502,12,22 BANDS

In deformed nuclei, we expect four octupole vibration
bands to occur withKp502, 12, 22, and 32. There is a
considerable amount of data available forKp502, 12, and
22 octupole bands, but little or none onKp532 octupole
bands. In this section, we focus onKp502, 12, and 22

bands.Kp532 bands are discussed in Sec. VI.
Calculations using the IBA-1 with anf boson were per-

formed for theKp502,12,22 bands of seven nuclei230Th,
234,236,238U, 240Pu, 246Cm, and250Cf. These nuclei were se
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FIG. 6. Similar to Fig. 5 for240Pu. Data are taken from Refs.@10, 19#.
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lected because energy andB(E3) information was available
for at least two of the these bands in each nucleus.

The ordering of the octupole bands depends strongly
shell structure. In the beginning of the deformed region,
band sequence isKp502,12,22. As the Fermi level in-
creases, the sequence changes to 12,02,22 and then to
22,12,02 @1#. Of the seven nuclei examined here, theKp

502 band is lowest in five. In the other two,246Cm and
250Cf, theKp522 band is lowest.

There are four parameters which affect the calculation
the energies of the negative parity states~after the positive
parity states have been set! e f @Eq. ~4!# andA1 , A2 , andA3
@Eq. ~5!#. The parametere f is set with the prescription de
scribed in Sec. III. Once this is set, the structure is prima
given by the parametersA2 andA3 . The ratioA2 /A3 deter-
mines the ordering of the octupole bands of differentK val-
ues: when this ratio is small, the order isKp502,12,22; for
large A2 /A3 , the order isKp522,12,02. Values for these
parameters are listed in Table II. The ordering of the ba
of different Kp is practically independent of theA1LdL f
term. This ‘‘Coriolis-like’’ term does affect the order of lev
els within the bands and it is useful for fine-tuning in som
cases@4#; nevertheless, it has little influence on wave fun
n
e

f

y

s

-

tions and consequently does not significantly affect the tr
sition probabilities. Given these facts, we have leftA150 for
the calculations here.

Calculations of theB(E3;0g.s.
1 →32) transition probabili-

ties depend on two additional parameterse3 ~the octupole
effective charge! andx3 . We find that a single value ofe3
(0.19 e b3/2) was sufficient to describe almost all of theE3
transitions examined here, and we note that a single effec
charge (e350.076 e b3/2) also fits the data for deforme
rare-earth nuclei@5# ~the effective charge of 0.20e b3/2

listed in Ref.@5# was in error by a factor ofA7). There is
some variation inx3 , however, it is similar to that deter
mined for the deformed rare-earth nuclei in Ref.@5#. The
values ofx3 are listed in Table II.

The method used here for settinge f as equal to the octu
pole centroid energy~as described in the previous section! is
one way of introducing microscopic information into th
IBA, which does not intrinsically include details of singl
particle configurations. From the behavior of the other p
rameters, it is clear that the importance of shell effects g
beyond the behavior of the octupole centroids. However,
present prescription for settinge f significantly constrains the
model, and in fact determines auniqueparameter set (A2 and
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FIG. 7. Similar to Fig. 5 for246Cm. Data are taken from Refs.@12, 20, 21#.
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A3) for fitting the energies of octupole band states.
The results for the energies of states in the ground stag

vibration, and octupole bands and the distribution ofE3
strength among the octupole bands are given in Figs. 2
For most of the nuclei shown here the calculations reprod
the data well. The calculated energy of theKp522 band in
236U, 238U, and 240Pu is 400–500 keV higher than the dat
although the calculated band ordering reproduces the ex
mental ordering correctly.

In 234U, the experimental band order—with theKp502

band lowest, theKp522 band next lowest, and theKp

512 band third lowest—cannot be reproduced with t
present model@4#. The calculated spectrum has the band
dering 02,12,22, although none of the calculated bandhe
energies differ by more than 500 keV from the experimen
results. The observed band ordering in234U may be caused
in part by large admixtures of two quasiparticle configu
tions in the octupole states. Bjornholmet al. @33# performed
a study of two quasineutron states in234U using the
233U(d,p) reaction and measured large spectroscopic fac
for the bandheads of theKp512 and 22 octupole bands. A
spectroscopic factor of 0.53 was measured for
n(7/22@743#;5/21@633#) configuration in theKp512 band-
,

8.
e

,
ri-

-
d
l

-

rs

e

head, while a factor of 0.64 was measured for t
n(7/22@743#;3/21@631#) configuration in theKp522 band-
head. The large two quasiparticle components proba
strongly influence the energies ofKp512 and 22 bands.
These microscopic effects cannot be accommodated in
IBA-1, which accounts only for collective excitations. Sim
lar two quasiparticle admixtures are likely to be responsi
for some of the other shortcomings of the present calcu
tions.

In 246Cm, the band ordering is correctly reproduced,
though the calculated energy of theKp502 bandhead is 700
keV higher than the observed energy for both sets of ca
lations. TheKp502 band has not been observed in250Cf,
but the calculated energies of theKp512 and 22 bands are
well reproduced by the calculations.

The fits to high spin states in theKp502 bands of230Th
and 238U are not as good as at lower spins. The difficulty
fitting higher spin states might be attributable to the alig
ment of the octupole phonons, as discussed by Vogel@34#.
As in the case of two quasiparticle admixtures in the ba
heads discussed above, the IBA-1 cannot account for
microscopic alignment effect described by Vogel.

Even with the use of a single effective chargee3 for all
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FIG. 8. Similar to Fig. 3 for250Cf. Data are taken from Refs.@22, 23#.
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the nuclei studied here, theB(E3) relative and absolute
strengths for theJp532 members of theKp502, 12, and
22 bands are generally well reproduced in230Th,
234,236,238U, and 240Pu. In 238U, and 240Pu, the choice ofN
5164 orN5184 for the shell closure has little effect on th
results of the calculations of the negative parity states, a
the case for positive parity states.

In 246Cm, the calculations give almost noE3 strength in
the Kp502 Jp532 state, while the data indicate that th
state is the strongest among theKp502, 12, and 22 octu-
pole states. It is worth noting again that the calculatedKp

502 energies are also much higher than the observed e
gies, and it is quite possible that these two deviations
related. Choosing a boson number assuming anN5164 sub-
shell closure~instead of simply assuming theN5184 major
shell closure! does not improve the agreement.

In 250Cf, the only effect of calculating the boson numb
assuming the existence of theN5164 subshell closure is to
change theE3 effective charge required to reproduce t
experimental octupole strength distribution. If theN5164
closure is considered~giving NB514), the effective charge
which reproducesE3 strengths in the other six nuclei con
sidered here,e350.19e b3/2, can also reproduce the ob
is

er-
re

served strength distribution in250Cf. Without the N5164
closure ~so that NB521), a significantly smaller effective
charge is required.

The present results for the IBA parameters necessar
reproduce the data are suggestive of the existence ofN
5164 subshell closure, but this evidence is certainly not
finitive. This issue will not be finally settled until measur
ments ofE(21

1) andB(E2;21
1→0g.s.

1 ) are performed forN
'164 nuclei, as suggested in Ref.@7#.

V. E1 TRANSITIONS

The strengths of electric dipole transitions from octup
vibration states depend not only on the structure of the o
pole states but also on small admixtures of the giant dip
resonance in the octupole states@35#. In the present work, as
in the calculations of octupole states in the deformed ra
earth region in Ref.@5#, we calculateE1 transitions using an
operator which includes the effect of small giant dipole re
nance admixtures@35#

Tsd f
~E1!5e1@~d†f 1d f†!~1!1x1O11x18O18#, ~12!
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whereO1 andO18 are two-body terms. It was found in Re
@37# that in order to reproduce branching ratios given by
Alaga rules for pure states of goodK quantum number, the
parametersx1 andx18 must approximately satisfy the relatio
x152x18 . The same parameters also reproduce theE1
branching ratios in rare-earth nuclei, including those ca
where there are significant deviations from the Alaga rul

We first analyze branching ratios ofE1 transitions, for
which the E1 effective chargee1 cancels out, in order to
focus on the parametersx1 andx18 . To satisfy the Alaga rule

FIG. 9. Similar to Fig. 1 but forNB514.

FIG. 10. Octupole centroids@as defined in Eq.~9!# graphed
against the neutron numberN for N5140– 152. The data are from
Refs.@10, 13, 16, 20, 22, 27, 28# and the dashed line is discussed
the text.
e

s

constraint, we make only small deviations from the ra
x1 /x1852 to fit the experimentalE1 ratios.

The parametersx1 andx18 used for each nucleus are liste
in Table II. The results of the calculations forE1 transitions
to the ground state bands are compared to the experime
data in Figs. 11–13. To simplify the reading of these figur
the results for230Th, 234,238U, 240Pu, and246Cm are located
in the same panel location in each figure; theKp502 and
12 results for 236U and theKp522 results for 250Cf are
shown in the lower right hand panels of the appropriate
ures. The agreement between the calculated and experim
tal values shown in Figs. 11–13 is generally good. T
branching ratios deviate—sometimes significantly—from
Alaga ratios due to mixing between octupole bands with d
ferent K values. The present calculations reproduce th
deviations and the trend of the experimental values ra
well. However, in some cases~e.g., 246Cm) the model does
not reproduce the data very well. Even larger discrepan
occur for those branching ratios involving transitions tog-
vibrational bands~Table III!. These discrepancies seem to
mainly due to the sensitivity of the calculatedE1 transition
rates on different parameters in the operator. The two-b
terms, which are large in absolute value, almost cancel e
other to reproduce the small observedE1 transition
strengths. Another important contribution may come fro
single particle effects, which are discussed at the end of
section.

Data on absoluteB(E1) values for some transitions i
238U are available@16# and are listed in Table IV. In particu
lar, B(E1) has been measured for the decays of theJp

532 states of theKp502,12,22 octupole bands to the 21

and 41 members of the ground state band. Table IV sho
that theB(E1) values for these transitions in238U can be
well reproduced with a single effective charge for either sh
closure assumption (0.026e fm for the assumption of a
N5164 subshell closure, 0.025e fm without the subshell
closure!. The results with and without the subshell closu
are quite similar, so only the results with the subshell clos
are shown in Fig. 14. The238U effective charge is deter
mined by normalizing the calculatedB(E1;3K50

2 →21
1)

value to the data. The largest deviation of a calculated va
from an experimental value occurs for theB(E1;3K52

2

→21
1) transition, where the calculation is nearly a factor

TABLE II. IBA parameters for negative parity states.

Nucleus
e f

~keV! NB

A2

~keV!
A3

~keV! x3 x13102 x183102

230Th 0.77 11 221 0 0.00 23.00 26.00
234U 0.84 13 227 237 0.00 22.60 25.14
236U 0.91 14 231 231 0.00 22.54 24.91
238U 0.98 14 237 237 0.00 22.54 24.91

15 234 234 0.00 22.31 24.68
240Pu 0.98 15 226 25 10.38 22.42 24.73

16 225 25 10.38 22.42 24.73
246Cm 1.11 14 240 2220 10.38 22.31 24.68

19 245 2247 10.76 22.42 24.73
250Cf 1.18 14 242 2222 10.76 22.31 24.50

21 227 2200 10.76 22.42 24.73
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10 larger than the experimental value. The effective cha
can also be used to predictB(E1;1K50

2 →0g.s.
1 ) and

B(E1;1K51
2 →0g.s.

1 ), which have not yet been reported~the
report on a high resolution photon scattering experiment@38#
did not give any results for states below 1782 keV!. These
predictions are also listed in Table IV.

A few absoluteB(E1) values have also been measured
234,236U. In 234U, B(E1;2K52

2 →21
1) and B(E1;2K52

2

→2g
1) have been determined experimentally@14#, allowing

us to fix the effective charge for this nucleus by normalizi
the calculated value ofB(E1;2K52

2 →2g
1) to the experimen-

tal result and to predict B(E1;1K50
2 →0g.s.

1 ) and
B(E1;1K51

2 →0g.s.
1 ), as shown in Table IV. We have fol

lowed a similar procedure for236U, where B(E1;1K50
2

→0g.s.
1 ) andB(E1;1K50

2 →21
1) have been measured@15#. In

this nucleus, the effective charge is fixed by normalizing
calculation forB(E1;1K50

2 →0g.s.
1 ) to the experimental re

sult, and a prediction forB(E1;1K51
2 →0g.s.

1 ) is obtained
~Table IV!.

The E1 transitions from theKp502 Jp512 state in
236U to members of the ground state band are three orde
magnitude weaker than the decays from theKp502 Jp

FIG. 11. Experimental and calculatedE1 branch ratios
B(E1;J→J11)/B(E1;J→J21) for E1 transitions from theKp

502 band to the ground state band in230Th, 234,236,238U, 240Pu, and
246Cm. Calculations assuming the existence of theN5164 subshell
gap are displayed as solid lines; calculations without this assu
tion are shown as dashed lines. Data are shown as crosses an
taken from Refs.@11, 14–19, 21, 36#.

TABLE III. B(E1;Ji
2→Jf 1

1 )/B(E1;Ji
2→Jf 2

1 ) values for transi-
tions tog bands. Data are taken from Refs.@11, 14#.

Nucleus Kp Ji
p Jf 1

p Jf 2
p expt calc

230Th 12 12 2g
1 21

1 0.15~3! 2.70
22 22 3g

1 2g
1 0.37~3! 0.42

22 2g
1 21

1 2.56~19! 1.64
32 3g

1 2g
1 1.37~17! 0

32 2g
1 21

1 0.53~6! 0.045
234U 22 22 2g

1 21
1 410~110! 29

42 3g
1 41

1 55~40! 3.4
12 32 2g

1 21
1 40~14! 0
e

e

of

532 state to the ground state band members in238U. This
anomaly was noted earlier by Lederer@39#. However, the
‘‘collective’’ E1 transitions induced by the dynamic dipo
moment of the octupole-vibrating nucleus~a recent discus-
sion of dipole moments in octupole-vibrating nuclei is giv
in Ref. @40#! are generally quite small compared to the We
skopf unit~W.u.! ~only 1024 W.u. in 238U) and are therefore
susceptible to interference, and cancellation, from single p
ticle effects. Leanderet al. @41# described this effect for the
stably octupole deformed Ra and Th nuclei nearA5222 and
for rare-earth nuclei in the vicinity of146Ba. E1 transitions
are indeed much weaker in224Ra and 146Ba than in their
neighboring even-even isotopes@42,43#, and the authors of
Refs.@42, 43# attribute this to the shell effects described
Leanderet al. We can speculate that in236U we are observ-
ing a similar shell effect, but in a case of dynamic octupo
deformation instead. A theoretical investigation of this po
sibility would be interesting.

The fact that sharply different values of theE1 effective
charge are required to reproduce absoluteE1 strengths in the

p-
are

FIG. 12. Same as Fig. 11 forKp512 bands. Data are taken
from Refs.@11, 14–19, 21, 36#.

FIG. 13. Experimental and calculatedE1 branch ratios
B(E1;J→J11)/B(E1;J→J21) for E1 transitions from theKp

522 band to the ground state band in230Th, 234,238U, 240Pu,
246Cm, and250Cf. Calculations are displayed as in Figs. 11 and 1
Data are shown as crosses and are taken from Refs.@11, 14, 16, 17,
21, 23, 36#.
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TABLE IV. B(E1;Ji
2→Jf

1) values. Data are taken from Refs.@14–16#.

Nucleus
e1 (e fm)

N5164 shell
e1 (e fm)

N5184 shell Kp Ji
p Jf

p expt(e2 fm2)
calc (e2 fm2)
N5164 shell

calc (e2 fm2)
N5184 shell

234U 0.057 02 12 0g.s.
1 2.631024

12 12 0g.s.
1 1.231024

22 22 21
1 39~5!31027 5.831026

22 22 2g
1 1.7~5!31024 1.731024

236U 0.00080 02 12 0g.s.
1 6.38~20!31028 6.431028

02 12 21
1 2.86~7!31027 1.431027

12 12 0g.s.
1 1.131028

238U 0.026 0.025 02 12 0g.s.
1 8.331025 8.631025

02 32 21
1 1.1~3!31024 1.131024 1.131024

02 32 41
1 1.4~4!31024 1.531024 1.531024

12 12 0g.s.
1 8.931026 7.931026

12 32 21
1 5.1~9!31026 1.731025 1.731025

12 32 41
1 1.3~2!31025 1.831025 1.931025

22 32 21
1 1.9~2!31027 1.631026 1.431026

22 32 41
1 4.7~6!31027 9.531027 8.731027
th
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uranium isotopes illustrates an important point about
IBA. While the IBA can reproduce the relationships betwe
the strengths of differentE1 transitions within a single
nucleus, the single particle effects which play a large role
varying E1 strengths from nucleus to nucleus are not
cluded in the IBA. These effects must be included in anad
hoc way via the effective charge.

VI. Kp532 BANDS

While the data on energies andB(E3) values forKp

502,12,22 bands are nearly complete for the six nuc
discussed here, no collectiveKp532 octupole bands have
been firmly assigned in this mass region. SeveralKp532

bands containing more than one state have been identi
Some appear to have noncollective two quasiparticle ori
and in other cases the band structure has not been unam
ously established. This situation is similar to that in the d
formed rare-earth region, where the data onKp532 octu-
pole bands are limited and questionable@5#.

FIG. 14. A comparison of experimental~crosses! and calculated
~squares! B(E1;32→J1) values in 238U. The calculations were
normalized so thatB(E1;3K50

2 →21
1)51.131024 e2 fm2. The

data are taken from Ref.@16#.
e
n

n
-

i

d.
n,
gu-
-

Chanet al. @44# proposed that in232Th theJp532, 42,
and 52 states at 1182, 1218, and 1329 keV, respectively,
members of aKp532 octupole band. TheJp532 member
of the band was populated more weakly@B(E3;0g.s.

1 →32)
50.039 e2 b3# in the Coulomb excitation work of
McGowan and Milner@28# than theKp, Jp502,32 state at
774 keV @B(E3;0g.s.

1 →32)50.54(5) e2 b3#. However,
Schmorak@15# notes that the only observedg decay of the
1218 keV state is to the 61

1 state, so that the 42 assignment
is likely to be incorrect. In addition, Schmorak offers noJp

assignment for the 1329 keV state. Hence, there is no b
structure to support theKp532 assignment for the 1182
keV state. In addition, Soodet al. @12# note that there is little
support for several of the band assignments proposed
Chanet al.

In 234U, there is an apparentKp532 band withJp532

and 42 states at 1723 and 1762 keV, respectively, which
been observed viab decay @14,45#. The B(E3;0g.s.

1 →32)
value for this band, as measured with the (d,d8) reaction
@13#, is 0.05~1! e2 b3, which can be compared to the value
of 0.64~4!, 0.42~4!, and 0.04~1! e2 b3 for the Kp502, 22,
and 12 octupole states at 849, 1024, and 1486 keV, resp
tively. Bjornholm et al. @45# assigned a 5/21@642#
21/22@530# two quasiproton configuration to this ban
rather than a collective octupole interpretation, and the sm
value ofB(E3;0g.s.

1 →32) for the Jp532 state is consisten
with this assignment. Ardissonet al. @46# also identified a
state at 1959 keV and assignedKp, Jp532,32 to this state
on the basis of the strengths of theB(M1) transitions deex-
citing it. No associated band structure has yet been identifi
so theKp value cannot be confirmed. Ardissonet al. sug-
gested a 7/22@743#21/21@631# two quasineutron configura
tion for this state on the basis of theoretical arguments.

An extendedKp532 band has been observed in236U
~states withJp532, 42, 52, 62, and 72 at energies of
1192, 1232, 1282, 1343, and 1413 keV, respectively! using
the 235U(d,p) reaction by Katoriet al. @47#. While this band
is populated strongly in the (d,p) reaction, theJp532 state
was not observed at all in the236U(d,d8) study of Boyno
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et al. @13#. Thus, Katoriet al. argued that the band has
nearly pure 7/22@743#21/21@631# two quasineutron con
figuration, and not a collective octupole structure.

In their b decay study of238Pu, Winteret al. @48# pro-
posed that aJp532 state they observed at 1203 keV h
Kp532 and a 7/22@743#21/21@631# two quasineutron
configuration instead of a collective octupole origin. No da
on B(E3;0g.s.

1 →32) are available to test for collectivity.
Parekhet al. @49# proposed that a state observed in t

240Pu(d,d8) reaction at 1675 keV@10# has Jp, Kp

532,32, even though no data on the angular distribution
the scattered deuterons is available. Therefore, this ass
ment is not adequately supported.

There is a much stronger candidate for aKp532 octu-
pole band in242Pu, withJp532, 42, and 52 states located
at 1019, 1064, and 1122 keV, respectively, and a la
B(E3;0g.s.

1 →32) value. TheJp532 member of this se-
quence was measured in the Coulomb excitation study
McGowan et al. @50# to have B(E3;0g.s.

1 →32)
50.45(7) e2 b3 ~compared to 0.42(7)e2 b3 for theJp, Kp

532,02 state! and in the (d,d8) measurements of Elzeet al.
@27# to haveB(E3;0g.s.

1 →32)50.74(11) e2 b3 ~compared
to 0.71(9) e2 b3 for the Jp, Kp532,02 state!. To firmly
establish aKp532 assignment, it would be necessary
eliminate the possibility that there is a lower spin member
this band by performing a complete spectroscopic study w
a nonselective experimental probe such as (n,n8g).

Yateset al. @20# suggested that theJp532 state at 1527
keV and theJp552 state at 1652 keV in246Cm are mem-
bers of aKp532 band. TheJp532 state was strongly
populated in the (d,d8) study of Yateset al. @B(E3;0g.s.

1

→32)50.18 e2 b3, compared to 0.33, 0.30, and 0.27e2 b3

for the Kp502, 12, and 22 octupole states, respectively#.
However, Yateset al.also raised the possibility that the 152
keV state might be a member of aKp502 or 12 band in
which the 1427 keV state would be theJp512 member.
Once again, further experimental work could clarify this si
ation.

A similar situation exists in250Cf, where Ahmadet al.
@22# suggested aKp532 band assignment for theJp532

state at 1427 keV and theJp552 state at 1541 keV. The
Jp532 state in this sequence is populated strongly in
(d,d8) experiment of Ahmad et al. @B(E3;0g.s.

1 →32)
50.13 e2 b3, compared to 0.046~5!, 0.19~2!, and
0.20(2) e2 b3 for the Kp502, 12, and 22 octupole states
respectively#. However, a detailed measurement of ba
structure in this nucleus would be necessary for this ass
ment to be convincing.

While any of theKp502, 12, or 22 octupole vibrational
bands can be the lowest in the IBA-1, theKp532 vibra-
tional band isalways highestin energy given realistic param
eters. In the SU~3! limit of the sd Hamiltonian, thesd- f
quadrupole-quadrupole interaction breaks the degenerac
the negative parity states and develops different bands c
acterized by the quantum numberK @51#. The splitting of the
different bands is proportional toK2 and to the strength o
the sd- f quadrupole-quadrupole interactionA2 . In particu-
lar, for large negative values ofA2 , the energy of theJp

532, Kp532 state based on the lowest SU~3! irreducible
representation of the positive parity core is pushed up
a

f
n-

e

of

f
h

-

e

n-

of
ar-

n

energy relative to theJp532 members of theKp502, 12,
and 22 bands built on the ground state according to t
relation @4#

E~K !5E01~2N22!~42K2!A2 /A6. ~13!

FIG. 15. CalculatedE3 strength distributions for theKp

502,12,22, and 32 octupole states for230Th, 234U, 236U, 238U,
and 240Pu with e350.19e b3/2. The subscript 2 denotes aJp532

state built on ag vibration.
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For a Hamiltonian corresponding to deformed nuclei b
not in the SU~3! limit this pattern is altered, but theKp

532 state is still highest in energy. The effects of t
quadrupole-quadrupole and exchange terms in thesd- f in-
teraction are explored in more detail in Ref.@5#. Here we
simply present the results of the calculations of the distri
tions ofE3 strength from the ground state over a wide ran
of excitation energy for the nuclei under study~Figs. 15, 16!.
The effective charge was taken to bee350.19 e b3/2.

In all cases, the lowest-lyingKp532 state in the calcu-
lation is an octupole state built on the ground state. In230Th,
234,236,238U, and 240Pu ~Fig. 15!, theKp532 strength is cal-
culated to be concentrated in a single state at an energy
tween 2 and 4 MeV. In contrast, theKp532 strength in
246Cm and250Cf ~Fig. 16! is calculated to be at much highe
energies~near 8 MeV in 246Cm and 6 MeV in250Cf) and
strongly fragmented. This fragmentation is not significan
changed if we consider theN5164 subshell closure. Th

FIG. 16. CalculatedE3 strength distributions for theKp502,
12, 22, and 32 octupole states for246Cm and250Cf. Results as-
suming both the existence and nonexistence of theN5164 subshell
closure are shown. The subscript 0 denotes aJp532 state built on
a b vibration.
t

-
e

e-

low-energy octupole resonance~LEOR!, which is considered
to be a 1\v excitation and is located near an energy
31A21/3 MeV @6#, would occur near 5 MeV in this mas
region and would complicate an attempt to identify theKp

532 octupole strength in246Cm and250Cf and perhaps even
the U and Pu isotopes, if the present predictions are va
These predictions highlight the importance of further inve
tigating theKp532 strength in these nuclei.

VII. MULTIPHONON STATES

Recently, there has been considerable discussion a
the existence of multiphonon states in deformed nuc
There is experimental and theoretical evidence for tw
phonon octupole-quadrupole vibrational excitations in d
formed nuclei@52#, and the IBA includes such states@4#.
When these states haveJp532, the IBA predicts that they
will sometimes have small but nonzeroE3 strength from the
ground states. In Figs. 15, 16, these states are indicate
subscripts. The IBA also predicts the existence of aJp

502, Kp502 state resulting from the coupling of theJp

531 member of theg-vibrational band with theJp532

member of theKp522 octupole band. Predictions for bot
the energies andB(E3;02→3g

1) values for these states ar
displayed in Fig. 17.

The version of the IBA-1 used in the present work cann
calculate two-octupole-phonon states because it inclu
only onef boson. However, the possible importance of tw
octupole-phonon states in the structure of heavy deform
nuclei has already been argued@53#, and studies of multiple-
f -boson states should be pursued.

The present results on both single-phonon and m
tiphonon states differ from those in a recent study of oc
pole states in some actinide nuclei~including several studied
here! with the coherent state model~CSM! @54#. In the CSM,

FIG. 17. Predicted values for the energies andB(E3;02

→3g
1) values for theJp502, Kp502 states resulting from the

coupling of theJp531 member of theg-vibrational band with the
Jp532 member of theKp522 octupole band. Calculated value
are indicated by crosses and the lines are included to guide the
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it is assumed that theKp512 bandhead is created by th
coupling of an octupole phonon to theJp52g

1 state, and the
Kp522 bandhead results from the coupling of an octup
phonon to theJp50b

1 state. TheKp532 octupole state is
not addressed at all in the CSM. Further theoretical inve
gations of multiphonon states will be needed to thoroug
understand the nature of the lowest collective octupole st
in deformed nuclei.

VIII. SUMMARY

We have studied octupole states in even-even nucle
the deformed actinide region using the IBA-1 with onef
boson by adopting the extended consistent-Q formalism @8#
to describe the positive parity core and a prescription
setting the parametere f similar to that used for the deforme
rare-earth region in Ref.@5#. To examine the possibility tha
a spherical subshell closure exists atN5164 as suggested i
Ref. @7#, we performed two sets of calculations for ea
nucleus withN>146—one assuming the existence of t
subshell closure, and the other assuming only the major s
closure atN5184. We succeeded in reproducing the en
gies of theKp502, 12, and 22 bands, the general behavio
n,

. C

e

cl.

Jr

.
,

e

i-
y
es

in

r

ell
-

of many E1 transitions and the distribution ofE3 strength
for these bands, and we are able to achieve the latter with
adoption of single octupole effective charge for all sev
nuclei studied. A comparison of the two calculations of t
E3 strength distribution in250Cf ~assumingN5164 and 184
shell closures! with the data favors the existence ofN5164
gap. This conclusion is also supported by the anomalous
ues of the parameters required to reproduce the positive
ity states in250Cf without theN5164 subshell closure. In
addition, we predicted thatKp532 octupole states in246Cm
and 250Cf occur at energies of 6 MeV or above and a
strongly fragmented. Finally, we have predicted energies
B(E3;02→3g

1) values for the Jp502, Kp502 states
which result from the coupling ofg- and octupole-
vibrational states.
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