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Octupole Correlations in the Pu Isotopes: From Vibration to Static Deformation?
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In a series of measurements with Gammasphere, striking differences were found between the yrast
and negative parity bands in238 240Pu and those in241 244Pu. These differences can be linked to
variations with mass of the strength of octupole correlations. At the highest spins,238 240Pu are found
to exhibit properties associated with stable octupole deformation, suggesting that a transition with spin
from a vibration to stable deformation may have occurred.

PACS numbers: 21.10.Re, 23.20.Lv, 25.70.De, 27.90.+b
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Octupole correlations have attracted much interest o
the years, especially in deformed nuclei, because they
often associated with some of the lowest collective mod
being observed [1,2]. Specifically, in most nuclei of th
rare earth and actinide regions, rotational bands of sta
with odd spins and negative parity appear at excitati
energies of#1 MeV which are interpreted as structure
based on one-phonon octupole vibrations. In nuclei wh
these correlations are much stronger, these negative
ity states lie even lower in excitation energy, and stab
octupole deformation may occur. In nuclei around146Ba
and 224Th, bands with levels of alternating spin and pa
ity, connected by strong electric-dipole transitions, re
resent the best experimental evidence for the rotation
octupole-deformed nuclei. It has been shown empirica
that rotation can stabilize the octupole shape [1–3].

The energy displacement between the positive a
negative parity states can be used as an empirical m
sure of the strength of the octupole correlations. Th
displacement has been investigated by, among others,
los and von Brentano [4,5] who showed that it depen
strongly on angular momentum. Furthermore, these
thors also suggested that nuclei exhibiting dynamical o
tupole effects at low spins might develop static octupo
deformation at sufficiently high angular momentum.

The present Letter examines the properties of the yr
and lowest bands of negative parity in a number
Pu isotopes. It is shown that in the238 240Pu isotopes,
where the octupole correlations are the strongest, level
alternate spin and parity become interleaved at the high
spins �I � 30h̄�, as in the octupole bands of146Ba and
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224Th discussed above. Furthermore, particle alignmen
and transition rates are found to be affected by the stro
correlations. Thus, the available experimental eviden
suggests that the evolution from an octupole vibration
an octupole-deformed rotation may have been observed

The data discussed below have been obtained in a
ries of so-called “unsafe” Coulomb excitation measure
ments, with thick targets at beam energies above t
barrier, where the feeding of the highest spin states
enhanced. This technique was pioneered in Ref. [6] a
was successfully used in earlier work on Cm and P
nuclei [7]. In the present case, beams of208Pb ions
at an energy of 1300 MeV from the ATLAS accelera
tor bombarded targets consisting of�0.3 mg�cm2 lay-
ers of 240,242,244Pu (98% enriched) electroplated onto
�50 mg�cm2 Au backing foils. These three targets pro
vided information not only on the even Pu nuclei, bu
also on the odd isotopes241,243Pu produced via single-
neutron transfer. Such a reaction was used to gather d
on 238Pu as well. In this case, a239Pu target with char-
acteristics similar to those just described was used in co
junction with an odd-neutron207Pb beam at 1300 MeV.
In all cases gamma rays were detected with the Gamm
sphere array, comprised of 101 Compton-suppressed
spectrometers. Events were written to tape when thr
or more suppressed Ge detectors fired in prompt coin
dence. In excess of108 events were collected with each
target. Most of the subsequent data analysis was p
formed on the quadrupleg coincidence events, where
the data were sorted into cubes gated on known tra
sitions from the nuclei of interest. Additional gating
© 1999 The American Physical Society 2143
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conditions were placed on the g-ray sum energy and mul-
tiplicity detected in Gammasphere. Proper subtraction of
random coincidence events proved essential in order to
remove the contamination of the spectra by the intense g

rays from 197Au Coulomb excitation. The data analysis
was performed with the programs of the RADWARE pack-
age [8]. A detailed discussion of all the level schemes
and other experimental results obtained in the course of
these studies is beyond the scope of the present Letter and
can be found in Ref. [9].

Figure 1 compares the aligned spins ix as a function
of rotational frequency h̄v for the bands of interest here,
i.e., for the yrast sequences and for the lowest negative
parity cascades in 238 244Pu. A number of interesting
features clearly stand out: (i) all the Pu isotopes with mass
A $ 241 exhibit a strong alignment in their respective
yrast bands at h̄v � 0.25 MeV, (ii) this alignment is
not present at all up to the highest frequencies observed
in 239Pu and 240Pu and is delayed at least up to h̄v $

0.28 MeV in 238Pu, (iii) the behavior of the alignment
curve of 240Pu is distinctly different from that of all
the other even-even Pu isotopes, (iv) all negative parity
excitations show the ��2 3�h̄ alignment characteristic
of the octupole phonon, and (v) an additional gain in
alignment occurs only in the negative parity bands of the
isotopes where a drastic upbend occurs along the yrast
line, while, in contrast, (vi) the relative alignment between
the two bands decreases in 240Pu.

The observation of sudden gains in ix of �9 10�h̄ in
242Pu and 244Pu complements the original findings of
Ref. [10] by delineating completely, for the first time,
a backbending in an actinide nucleus. This ix value is
consistent with the alignment of a pair of i13�2 protons, as
predicted in Refs. [10–12]. To the best of our knowledge,
all the available calculations [10–12] indicate that the
same strong proton alignment should occur around h̄v �
FIG. 1. Aligned spins ix of the yrast and octupole rotational bands in the Pu isotopes. In all cases the same reference is subtracted,
with the Harris parameters J0 � 65h̄2 MeV21 and J1 � 369h̄4 MeV23.
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0.25 MeV in the lighter Pu isotopes, yet this expected
alignment gain is not seen in 239,240Pu and is delayed in
238Pu. The effect is particularly striking in 240Pu: only
a small, smooth increase in alignment is observed over a
range of four to six transitions beyond the point where
the backbending occurs in the heavier Pu nuclei (Fig. 1).
There is no sign of a band interaction either in the yrast
or in the octupole band [13]. The remainder of this paper
discusses a possible reason for this striking observation.

In all the even-even Pu nuclei, the first excited band
is of negative parity and is associated with an octupole
vibration [7]. It is noteworthy that the first 12 level
is the lowest in excitation energy (597 keV) in 240Pu.
It is located at 605 keV in 238Pu, at 781 keV in 242Pu
and around 950 keV in 244Pu [14]. This observation,
together with the fact that octupole correlations are known
to significantly alter alignment patterns seen in reflection
symmetric nuclei [2,15], makes it worthwhile to search
the data for additional indications of stronger octupole
correlations near A � 240. Figure 2 presents the energy
staggering, S�I�, between the odd-spin, negative parity
and even-spin, positive parity bands. This staggering is
defined as

S�I� � E�I� 2
E�I 2 1� �I 1 1� 1 E�I 1 1�I

2I 1 1
(1)

and is a measure of the extent to which the two bands
of opposite parity can actually be regarded as a single,
rotational octupole excitation, i.e., the degree to which the
odd-spin, negative parity level of spin I has an excitation
energy located in between those of the two neighboring
even spin, positive parity states with respective spins
I 2 1 and I 1 1. In the Pu isotopes with A $ 242, the
values of S�I� decrease with spin before leveling off, a
behavior characteristic of many well deformed actinide
nuclei, e.g., 236,238U (not shown), which reflects the
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FIG. 2. Comparison of the energy staggering S�I� as a
function of spin I in the Pu isotopes and in 220Ra and 222Th
(Ref. [16]), two of the best examples of octupole deformed
nuclei.

presence of band crossings associated with the alignment
gains visible in Fig. 1. Remarkably, the S�I� values for
238,240Pu continue to decrease up to the highest spins
(Fig. 2), where they become small and comparable to
those seen in 222Th and 220Ra [16], two of the best
examples of nuclei with static octupole deformation.
Thus, at spin I $ 25h̄ the level sequences that are seen
in the two lightest even Pu isotopes display the energy
spacings characteristic of an octupole rotational band.
Moreover, the interleaving at high spin of states with
opposite parity is also realized in the odd 239Pu nucleus.
The octupole vibrational bands built on the two signatures
of the �631�1�2 orbital, originally proposed in Ref. [17],
have been firmly established and extended in the present
work. For both sequences (Fig. 2) the S�I� values mirror
the trend seen in the two even neighbors. Also, levels
with the same spin but opposite parity are located close in
energy: the 49�21 and the 49�22 levels are 17 keV apart,
the two 53�2 states are separated by only 8 keV, and
the 57�2 levels are within 26 keV. Hence, these states
appear to form so-called parity doublets, as would be
expected for odd nuclei with static octupole deformation
[1,2]. Thus, at least from the point of view of the
level energies, the three lightest Pu isotopes behave like
octupole deformed rotors at the highest spins. It is
worth pointing out that the decrease in relative alignment
between the two bands in 240Pu noted above is consistent
with this interpretation.

Further indications about the importance of the oc-
tupole correlations come from the ratio of the transi-
tion dipole �D0� and quadrupole �Q0� moments shown in
Fig. 3 for the even Pu isotopes. This ratio is extracted
from the experimental E1�E2 branchings with the fol-
lowing expression:

D0

Q0
�

s
5
12

�I020 j I 2 2 0�
�I010 j I 2 1 0�

s
B�E1�
B�E2�

. (2)
FIG. 3. Ratio of transition dipole and quadrupole moments
extracted from the E1 and E2 branchings E1:I2

i ! �Ii 2
1�1�E2:I2

i ! �Ii 2 2�2 as a function of the spin Ii with the
expression given in the text. The values of the transition
dipole moment D0 given on the right hand side are for 240Pu
only. They have been calculated assuming rotational E2-matrix
elements with the Q0 moment of the ground state band.

From the figure, it is clear that the strength of the E1
transitions grows with smaller mass number, as expected
for the increase in the strength of octupole correlations
noted above. Furthermore, the out-of-band E1 decays
become increasingly competitive with the in-band E2
decays as the spin in the negative parity band increases.
The effect is most pronounced for 240Pu, and perhaps
also in 238Pu, but the data are less precise in this case.
Under the assumption that the B�E2� values are constant
within a rotational band, this result suggests an increase in
E1 (i.e., octupole) collectivity with angular momentum.
It is also possible to derive values at each spin for the
induced intrinsic dipole moment D0 in 240Pu, assuming a
constant quadrupole moment Q0 � 25.9 e b adopted from
the measured B�E2� value of the 21 ! 01 ground state
transition [18]. It can be seen from Fig. 3 (right hand
vertical axis) that the D0 values at high spin become quite
large; D0 � 0.2 e fm for I $ 21h̄ in 240Pu. Such values
are of the same order as the dipole moments observed in
the light Th nuclei [19] �D0 � 0.2 0.3 e fm�, which are
among the best examples of octupole-deformed nuclei [2].

While the experimental evidence discussed above
points towards the importance of octupole correlations
and, possibly, of octupole deformation in the understand-
ing of the level sequences of 238 240Pu, some caution
remains in order. First, at the highest spins where
octupole deformation may have set in (Fig. 2), the level
energies display the expected pattern of interleaved
states with odd and even spins, but the E1 transitions
connecting levels of opposite parity have so far not been
seen. For example, the observation of the E1 strengths
of the 272 ! 261 and the 261 ! 252 transitions would
constitute further support for the interpretation presented
here. Unfortunately, as the positive and negative parity
levels become interleaved, the E1 transitions are strongly
2145
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suppressed by the energy factor. The expected ratio of
probabilities B�E1; 261 ! 252��B�E2; 261 ! 241� is
�0.016 e fm�e b while the measured upper limit for this
ratio at spin 26 is 0.05 e fm�e b; i.e., the detection of
these transitions is beyond the statistical accuracy of the
present data. Also, it should be recognized that while the
ratios of the reduced E1 and E2 transition rates are very
suggestive of octupole deformation, they are perhaps not
as conclusive as one would like. Figure 3 shows that the
ratios in 244Pu are substantially smaller than in 238,240Pu,
but that those of 242Pu come closer to the 240Pu values.
Ratios similar to those seen in 242Pu have also been
reported in other cases of octupole vibrations such as 238U
[6]. Presumably, the increase in B�E1� strength with spin
seen in most octupole bands reflects the importance of the
dynamical effects discussed by Jolos and von Brentano
[4,5] and, hence, should be expected.

To summarize, the role of octupole correlations has
been investigated in a number of unsafe Coulomb ex-
citation experiments on Pu nuclei. In the lightest iso-
topes, where the correlations are the strongest, their
impact translates in the absence �239,240Pu� or delay in
frequency �238Pu� of the strong proton alignment seen
in the heavier Pu nuclei. Furthermore, at the highest
spins, the correlations are such that the yrast and the
octupole bands merge into a single sequence of levels
with alternating spin and parity, large intrinsic dipole mo-
ments can be inferred from the B�E1��B�E2� ratios, and
so-called parity doublets occur in 239Pu. Thus, the ex-
perimental evidence suggests that a transition from an
octupole vibration to stable octupole deformation may
have occurred. Detailed microscopic calculations are
needed to fully account for the enhanced importance of
octupole correlations near 240Pu. In particular, the role
of the octupole-driving orbitals needs to be fully ex-
plored. In this context, it is striking that in the imme-
diate odd-even neighbors of 240Pu the Dl � 3, DV �
0 particle-hole configurations p	3�22�521�3�21�651�21

and n	7�21�624�7�22�743�21
 [20] come close in energy
to the Fermi surface (within 0.5 MeV) and are expected
to play a role in the ground state configuration.
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