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Octupole correlations in U and Pu nuclei
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We study the even-even U and Pu nuclei in the framework of thespd f interacting boson model. Analysis of
the systematics of positive and negative parity bands, together with theE1, E2, andE3 transitions, suggests
that the properties of low-lying states can be understood without the introduction of stable octupole deforma-
tion. Double octupole phonon characteristics are also identified in certain low-lying 01 excited states in U
and Pu.
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I. INTRODUCTION

Octupole correlations in the actinides have attracted in
est since the predictions that octupole deformation would
present in theZ;88 andN;134 region@1#. These predic-
tions have been explored through a series of experime
studies, which have centered on energy spectra and trans
properties@2#. Numerous theoretical studies were dedica
over the years to the octupole degree of freedom in nu
@2,3#. A suitable and versatile model for the description
quadrupole-octupole collective degrees of freedom in ev
even nuclei is the interacting boson model~IBM ! @4#. Re-
cently, an extensive study of the collective negative pa
states in the even-even Ra-Th nuclei was completed@5# in
the framework of thespd f IBM @6#. In that study, a consis
tent picture was obtained over the entire nuclear region of
light actinides using a minimal Hamiltonian. The aim of th
work is to extend that analysis to U and Pu nuclei, provid
a consistent view of the systematics of the even and
parity states fromZ586 to Z594.

We will examine the full systematics of all available da
on energies and electromagnetic transitions. The data
from Refs.@7–19#. The full spd f IBM Hamiltonian contains
over 50 interaction terms, however, simple physical cons
erations can reduce the form of the HamiltonianH @20#. We
will use a four parameter model forH, which includes a
single quadrupole strength and three boson single par
energies. The form of the Hamiltonian and transition ope
tors are further constrained by the recent analysis of the
Ra, and Th nuclei. We would like to see whether octup
deformation is an essential ingredient in the understandin
the nuclei in this mass region.

II. spdf INTERACTING BOSON MODEL

The interacting boson model offers a phenomenolog
approach of collective nuclear structure by introduci
bosons of a given spin, which are associated with the co
sponding multipole modes. The quadrupole vibrations a
deformations are described in terms of interactings and d
bosons withLp501 and Lp521, respectively. Negative
parity states are described by introducing bosons with
0556-2813/2003/67~1!/014305~8!/$20.00 67 0143
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values of angular momentum. In thesd f model, only f (Lp

532) bosons are used@4,21,22#, while in thespd f model,
both f andp(Lp512) bosons are included~see, for example,
Ref. @5#, and references therein!. The spd f is the preferred
model since it is closer in spirit to thesd IBM, including the
same dynamical symmetry limits as well as the possibility
octupole deformation.

We are interested in studying the behavior of negat
parity states in a region of large quadrupole deformation v
close to the SUsd(3) limit. This requires a minimal Hamil-
tonian to include a vibrational contribution and a quadrup
interaction. The simplest form of such a Hamiltonian f
positive parity states isH5edn̂d2kQ̂sd•Q̂sd . The natural
extension of this Hamiltonian to describe both positive a
negative parity states simultaneously is realized in thespd f
model as

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

whereep , ed , ande f are the boson energies andn̂p, n̂d, and
n̂f are the boson number operators. This is the same Ha
tonian used to describe the transitional actinides in Ref.@5#.
Thespd f model space admits a SUspd f(3) limit which is the
natural extension of the SUsd(3) limit of the sd IBM. In the
spd f model, the quadrupole operator is given by

Q̂spd f5Q̂sd1Q̂p f5@s†d̃1d†s#2
A7

2
@d†d̃# (2)1

3A7

5

3@p† f̃ 1 f †p̃# (2)2
9A3

10
@p†p̃# (2)2

3A42

10
@ f † f̃ # (2).

~2!

This is related to the Casimir operator of the SUspd f(3) sub-
group. Note that the same strengthk of the quadrupole in-
teraction describes thesd bosons and thep f bosons.

The transition operatorsT(E1), T(E2), andT(E3) are
not all defined from dynamical symmetry considerations,
©2003 The American Physical Society05-1
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that there is some freedom in their form. We will take
these operators to be one-body operators. While theT(E2)
operator has five terms, we use the quadrupole oper
above, which fixes the parameters, aside from the effec
charge:

T~E2!5e2Q̂spd f . ~3!

E1 transitions are studied using the three term, one-b
operator:

Tspd f
(E1)5e1~@p†d̃1d†p̃# (1)1xsp

(1)@s†p̃1p†s# (1)

1xd f
(1)@d† f̃ 1 f †d̃# (1)! ~4!

and similarly, theE3 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)!. ~5!

Since we are interested in the global systematics of the
tinides, the recent study ofZ586–90 nuclei will constrain
these transition operator parameters. For theE1 andE3, we
will further attempt to use the minimal number of term
when possible, consistent with the lighter actinides. In t
study, the parametrization is kept as simple as possible
no attempt of fine tuning is made.

The calculations are done with the codeOCTUPOLE @23#.
The total boson numbersNB are calculated in the usual wa
except that the neutron boson numbers are counted rel

FIG. 1. Experimental~continuous lines! and calculated~dashed
lines! energies for theKp501

1 ,01
2 bands in 2302238U and

2382244Pu.
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to N5164, which was proposed@24# to be a spherical sub
shell closure, in addition to the major shell closures atN
5126 and 184. To simplify the numerical diagonalization
we will use a truncated basis allowing only onep f boson
(Np f51). We will verify that for the parameter choices b
low, this is a good approximation of the full space calcu
tions for the low-energy states. Extending the basis, by
lowing up to three p f bosons (Np f53), the predicted
properties of the states discussed here remain practically
changed. The only exception is the appearance of an a
tional low-lying K501 excitation, which has a double octu
pole phonon character. The comparison of the truncation
the full calculations has already been examined in Ref.@5#
for this Hamiltonian.

III. DISCUSSION

A. Energy spectra

Consider first the experimentalKp501
1 and Kp501

2

bands in U and Pu. These are shown in Fig. 1~solid lines!.
One can see an interesting structural change nearN5142 in
U and nearN5146 in Pu. Unfortunately, there is no data
U beyondN5146 or Pu nearN5142 to see if analogous
structural changes are present in each isotopic chain.
minimum observed in the negative parity states atN5146 in
Pu and possibly in U has been interpreted as an evidenc
increased octupole correlations@25#. What is more striking in
this figure, is the correlation of the structural changes in
negative parity states with subtle changes in the positive
ity states. This effect is not readily seen in the 21 state sys-
tematics. One must go to higher spin, such as 101, to see the
effect. A second minimum can be seen in the U isoto
chain, where the energy is rapidly decreasing with the
creasing neutron number towardsN5132. ~Such a minimum
is seen in the Ra and Th isotopes@5#.! This is in agreement
with the prediction that the lowest octupole excitation sho
be in 224U132 which is, supposedly, the most octupole d
formed nucleus in its ground state@2#.

In Fig. 1, we also present thespd f IBM calculations
~dashed! for the Kp501

1 and Kp501
2 bands. Of the four

Hamiltonian parameters,ed and k are essentially constan

FIG. 2. The energy of thep and f bosons (ep, f) used in the
present calculations.
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FIG. 3. Comparison of experimental band structure in234,238U and 240,242Pu with Np f51 calculations.
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since these are determined from the positive parity states
find ed50.25 MeV andk50.012 MeV forNB511–13 and
0.013 MeV forNB514,15. These values are similar to tho
in the Ra-Th region@5#. The negative parity states, on th
other hand, undergo a more dramatic evolution with bo
number. The parametersep ande f , shown in Fig. 2, have a
smooth behavior.e f can be seen to follow the evolution o
the excitation energy of the lowest 12 state. ForNB<13, we
observe thatep;e f , a condition which brings the Hamil
tonian close to the SUspd f(3) dynamical symmetry limit. In
that limit, it is possible to realize low-lying octupole defo
mation for certain values of the parameters@5#. However, for
the present study, such states are not present.
01430
e

n

The experimental minimum in excitation energy of th
K501

2 band atN5146 occurs at different energies in U an
Pu. In the Hamiltonian,ed ,e f , andk have the same value
in both nuclei; the difference in energies of this minimum
attributed toep , which is larger in U than in Pu.

Beyond theK501
2 bands shown in Fig. 1, the experime

tal situation is not so clear. The next lowest band in236,238U
and 238,240Pu isK512. In 230U and 244Pu, no data are avail
able. In 232,234U, the next lowest band is claimed to beK
522 @8,9#, while in 242Pu, it is claimed to beK532 @12#. In
contrast, in our calculations, the next lowest band isK512

for all U and Pu isotopes in this study. Based on the exp
mental systematics, and on the IBM results, we suggest
5-3
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thoseK522 and K532 bands are in factK512 bands,
with the lowest states experimentally missing. In Fig. 3,
show detailed comparisons of the experimental le
schemes of 234,238U and 240,242Pu with the calculations
These are representative of all the isotopes studied. The o
all agreement is quite good. The yrast bandsK501

1 andK
501

2 and the first excitedK501 andK512 bands are re-
produced very well, but theg bandK521

1 is typically pre-
dicted to be 0.1–0.2 MeV higher. A slightly different form o

Q̂sd @xsd lower than2A7/2 in Eq. ~2!# could be used to
improve the agreement. However, for simplicity, we ha
taken this to be fixed at its SUsd(3) value.

FIG. 4. Comparison of the experimental yrastB(E2) values
~symbols! with Np f51 IBM calculations~continuous line!. TheE2
operator is given in Eq.~3! and the effective chargee250.16e b.

FIG. 5. Comparison of the experimentalB(E2) branching ratios
~symbols! from the 2g

1 state with theNp f51 IBM calculations
~continuous lines!.
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B. Electromagnetic transitions

The experimental situation for transitions is quite goo
There are many measurements of absoluteB(E2) and
B(E3) transitions as well as some selectedB(E1) rates.
This provides a more stringent test on the wave functio
obtained above.

B(E2;21
1→01

1) transition rates for all the U and Pu iso
topes are presented in Fig. 4, together with theB@E2;J1

→(J22)1# values for the ground state band in236U and
238U. Using the transition operator~3! leaves one free pa
rameter, the effective charge. The effective chargee2
50.16e b is taken to be the same for all nuclei. This
similar to the valuee250.18e b used in the Ra-Th region
One can see that the transition rates are well described w
out variation of transition operator parameters.B(E2)
branching ratios for theg bands (K52g

1) are shown in Fig.
5. We choose the ratioB(E2;2g

1→41
1)/B(E2;2g

1→01
1) for

comparison because it does not concern the 2g
1→21

1 transi-
tion, which could introduce unknownM1-E2 mixing ratios.
The agreement is reasonably good. The difference in
trends for U could be accounted for with the same chang
Q̂sd discussed above for theg-band energies.

For the current set of Hamiltonian parameters, there is
difference in theB(E2) transition rates if we use thesd
truncation of theE2 operator,Qsd or the full spd f form,
Qspd f . We have examined the calculations in whichNp f
52 components are present in the basis states. These
binations ofp and f bosons in the positive parity states ca
contribute to the low-lying wave functions. However, the
do not noticeably modify the results we present here. Hen
contributions from possible deformed states are not sign
cant in these observables.

FIG. 6. The excitation energy and theB(E2) branching ratios of
the first excited 01 states compared withNp f50 ~continuous lines,
K502

1 ; dot-dashed lines,K503
1) andNp f up to 2 ~dashed lines:

the K501 band withNp f52 character, which, depending on th
parameter set, isK502

1 or 03
1 band!. A small dipole-dipole inter-

action is included in the Hamiltonian to produce nonzeroB(E2)
transition strengths from theK501 band based primarily onNp f

52 components in the ground state band.
5-4
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FIG. 7. Top: The parametersxsp
(1) andxd f

(1) of
the T(E1) operator of Eq.~4!. Middle: Experi-
mental ~symbols! and theoretical ~continuous
lines! B(E1) branching ratio from 11

2 states. Bot-
tom: Similar to the middle panels but forB(E1)
branching ratios fromJ>12 states for238U and
240Pu. The dashed lines show the predictions
the calculations withNp f up to 3.
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The corresponding ratio for the decay of the 21 member
of the K502

1 band has an erratic behavior with changes
more than one order of magnitude from one nucleus to
next, despite the smooth evolution of the excitation ene
with the boson numberN. Figure 6~top! shows that the IBM
calculations predict a ratio of;5. Figure 6~bottom! shows
that they reproduce the excitation energy of the 02

1 state
reasonably well. However, the 03

1 states, where they ar
known experimentally, are very close in energy to the2

1

states. In contrast, the predicted 03
1 states in theNp f50 basis

FIG. 8. ExperimentalB(E1)/B(E2) branching ratios in238U
and 240Pu compared with the predictions of theNp f51 calcula-
tions.
01430
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are much higher in energy than the experiment~0.5–1.0
MeV; see Fig. 6 bottom!. We will see in the following sec-
tion that by extending the basis toNp f52 in the positive
parity states, the agreement is improved due to the pres
of additional octupole two-phonon states.

TheE1 branching ratios depend only onxsp
(1) ,xd f

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

(1) ,xd f
(1) which fit the data are presented in Fig. 7~top!.

Their values show a smooth evolution, and are similar
those used to describe the transitional actinides@5#. In Fig. 7
~middle! we compare the data and the IBM calculations
the branching ratioB(E1;11

2→21
1)/B(E1;11

2→01
1) and in

Fig. 7 ~bottom! for the branching ratiosB@E1;J2→(J
11)1#/B@E1;J2→(J21)1#, as a function of spin. The
data are from Refs.@8–12,15,16#. In all cases the agreemen
with the data is excellent. In contrast to the transitional
tinides, there is little absoluteB(E1) data, so that more pre
cise tests of theE1 operator on theA dependence of the
effective charge and on the basis (Np f) are not possible. The

FIG. 9. TheoreticalB(E1;01
1→12) strength distribution in

238U.
5-5
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availableE1/E2 branching ratios are shown in Fig. 8. Th
spin dependence demonstrates a saturation, which is no
produced by the calculations.

Using theE1 operator effective charge for238U deter-
mined from the B(E1)/B(E2) branching ratios, e1

FIG. 10. Comparison of data related to 3i
2 states in238U with

IBM calculations withNp f51 ~continuous lines! and Np f up to 3
~dashed lines!.
01430
re-

50.016e fm, leads to the prediction of the absolu
B(E1:01

1→1i
2) strength in Fig. 9. The strength near 3 Me

is associated with thep boson. In Fig. 10, we compile abso
lute B(E1), B(E2), andB(E3) data for first three 32 states
in 238U. The parameters for theE1 andE2 operators have
been presented above, while for theE3 operator, we use the
parameterse350.26e b3/2, xpd

(3)521, andxs f
(3)50. In gen-

eral, the agreement is good for the first two 32 states, 3K50
2

and 3K51
2 , and not so good for the third 32 state, 3K52

2 . The
data and calculations in the lower panel of Fig. 10 are ess
tially unchanged for234,236U, and are not shown. TheE3
effective charge also provides a reasonable description o
known B(E3;01

1→3K50
2 ) in the Pu isotopes.

IV. DOUBLE OCTUPOLE ÕDIPOLE STATES

The comparisons presented in the preceding section s
that calculations withNp f51 are able to reproduce the e
sential features of theK501

1 ,02
1 ,21

1 ,01
2 ,11

2 , and 21
2

bands. However, not all excited 01 bands are reproduced i
theNp f51 calculations presented above~see Fig. 6!. In 238U
the 02

1 and 03
1 band heads lie very close in energy: at 9

keV and 997 keV@19,26#. These 01 bands are also known in
other nuclei studied here: in232U at 691 keV and 927 keV
@8,17#, in 234U at 845 keV and 1044 keV@9,17#, and in 240Pu
the two states appear at 861 and 1089 keV@19#. It was
pointed out in Ref.@19# that the two excited bands are wide
different in structure. For example, theg-ray branching ratio
B(E2;20i

1→41
1)/B(E2;20i

1→01
1) is larger by one order of

magnitude for 02
1 band as compared with the 03

1 band.
It was shown in Ref.@5# that by extending the basis t

include morep f bosons, an additionalK501 excited band
based on aNp f52 configuration is predicted at low energ
This type of band corresponds to double octupole/dip
FIG. 11. Comparison of the experimental spectrum of232U with Np f51 andNp f53 calculations. In the calculation withNp f up to 3 an
additionalKp501 band ofNp f52 character at low spin appears near 1 MeV and becomes yrare nearJp;10\.
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states. When the basis is extended beyondNp f51, one finds
new bands which appear at higher excitation energies.
lowest of these is a new excitedK501 band at;1 MeV,
very close in energy to theK502

1 band in theNp f51 cal-
culation. This is indicated in Fig. 6. Moreover, in some ca
(230U,238,240Pu), this Np f52 band is theK502

1 band. As
seen in the figure, theK502

1 band can have eitherNp f50 or
Np f52 character, depending on the detailed parametriza
of the Hamiltonian. They are so close in energy that a sm
change in the parameters will produce their inversion in
citation energy.

These twoK501 bands can be distinguished by the
decay patterns, which are very different. The Hamilton
conserves separately the number of positive (sd) and nega-
tive (p f) parity bosons. Hence, the states withNp f50 are
not affected by extending the basis and the new states
haveNp f52 components appear, and there is no interac
between them. TheE2 operator of Eq.~3! will give no
strength for the transitions between the positive parity sta
based on theNp f52 configuration and the positive parit
states withNp f50 and, consequently, for the new ban
B(E2;20p f

1 →41
1)/B(E2;20p f

1 →01
1)50. Certainly, a simple

interaction which mixes the positive parity states with diffe
ent p f components will induce nonzeroE2 transition
strength. A dipole-dipole interaction is an example of suc
term @20#. Using the same strength for this interaction as
one used in Ref.@5# to explain the data in the transitional R
nuclei ~i.e., 0.0005 MeV!, nonzero values for this ratio ar
obtained~see Fig. 6!. The interaction is sufficiently small s
that the properties of the positive parity states based pri
rily on Np f50 components remain unchanged. In fact
predictions obtained withNp f51 calculations remain practi
cally unchanged by extending the basis to allow more ne
tive parity bosons (Np f53). The changes are illustrated b
the dashed lines in Figs. 7 and 10. Similarly in Fig. 9, t
presence of more complex configurations (Np f.1) does not
modify theE1 strength distribution.

As was mentioned in Ref.@5#, theK501 band composed
.A

od

di

01430
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l
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of Np f52 has a different moment of inertia than those co
posed ofNp f50. This is illustrated in Fig. 11 where th
experimental spectrum of232U is compared with theNp f
51 andNp f53 calculations. In the calculation withNp f up
to 3 an additionalKp501 band ofNp f52 character at low
spin appears near 1 MeV and becomes yrare nearJp

;10\.
It is worth noting that the cases whenep>e f , i.e.,

230,232,234U and 244Pu, are very close to the SUspd f(3) dy-
namical symmetry@20# similar to 226Ra discussed in Ref
@5#. The Hamiltonian for this rotational limit is

H5e2N̂22kQ̂spd f
2 . ~6!

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 the notable exception that in our study,edn̂d breaks the
SUsd(3) limit, while retaining the rotational symmetry fo
the negative parity states.

V. CONCLUSIONS

We obtained a consistent picture over the entire nuc
region of the deformed actinides using a simple Hamilton
in thespd f space of the IBM. The structure of the low-lyin
states is found to have at mostNp f51, which is equivalent
to the lack of ground state dipole-octupole deformatio
However, the existence of a low-lyingK501 state could
indicate the presence of double octupole/dipole states. O
pole deformation is not a necessary consequence of the
perimental systematics in this region.
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