
RAPID COMMUNICATIONS

PHYSICAL REVIEW C MARCH 1998VOLUME 57, NUMBER 3
High-spin properties of octupole bands in 240Pu and 248Cm
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High-spin states in94
240Pu and96

248Cm have been populated with Coulomb excitation at beam energies slightly
above the Coulomb barrier. In each nucleus a new side band has been identified ing-g coincidence measure-
ments and has been interpreted as the lowest-lying octupole excitation. The alignments and Routhians of these
bands, as well as the branching ratios ofE1 decays to the ground-state bands, are in good agreement with
results from cranked RPA calculations.@S0556-2813~98!51203-4#

PACS number~s!: 27.90.1b, 23.20.Lv, 21.10.Re, 21.60.Jz
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The interest in the properties of rotational bands built
octupole-phonon excitations in actinide nuclei has rece
been renewed by two experimental results. The first is
work of Ref. @1# which has demonstrated the power of i
elastic scattering at beam energies slightly above the C
lomb barrier on thick targets as a means of studying in de
collective excitations in these rotational nuclei. These re
tions are still dominated by Coulomb excitation, and by u
ing this technique with a relatively modest array ofg-ray
detectors, Wardet al. observed the yrast band and
previously-known low-lying (Kp502) band in 238U to high
spins (;30\). More importantly, six new rotational struc
tures were identified, including bands coupled to t
Kp512,22 components of the octupole phonon. The seco
is the growing body of experimental data~spins, parities,
excitation energies, andE1 inter-band transition rates! @2,3#
favoring an interpretation of the excited superdeformed~SD!
bands in even-even nuclei of theA;190 region of superde
formation as bands built on octupole vibrational band-he
rather than on quasiparticle excitations. Octupole corre
tions are strongest when pairs of orbitals withD j 5D l 53\
are near the Fermi surface@4#, and it is noteworthy that the
same sets of pairs, e.g.,j 15/2^ g9/2 neutrons andi 13/2^ f 7/2
protons, are at the Fermi surface in both the Hg-Pb SD nu
and in the heavy U-Pu-Cm actinides. Nakatsukasaet al. @5#
have demonstrated that the dynamic properties~e.g., aligned
spins i x and Routhianse8 as a function of rotational fre
quency\v! of the SD bands in theA;190 region are well
reproduced in a cranked random-phase approximation~RPA!
model. In fact, this work proposes that most, if not all, e
cited SD bands in the even-even nuclei of this region
associated with octupole vibrations. This suggestion is
without debate.

In this communication, we report on the high-spin pro
erties of the lowest-lying octupole bands in94

240Pu and
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96
248Cm. These bands provide an opportunity to test furt
the RPA calculations of Ref.@5# at normal deformation.
These results represent part of a systematic study of h
spin states in the240,242,244Pu and246,248Cm actinide nuclei,
and further details will be reported in a subsequent paper@6#.

The highest spin states in stable nuclei are best popul
with multiple Coulomb excitation~Coulex! with heavy,
high-Z projectiles. Traditionally, Coulex experiments ha
been performed at energies well below the Coulomb bar
in order to ensure that the excitation is purely electrom
netic. The projectile, the target, or both are usually detec
in position-sensitive counters, in coincidence with theg-rays
of interest. A Doppler shift correction of theg-ray energies
can be applied on an event-by-event basis from the velo
vectors of the outgoing particles. This technique provid
reliable measurements of electromagnetic transition ma
elements@7#. It has been used quite successfully in studies
yrast bands in actinide nuclei~see Ref.@8#!. This approach
has, however, some limitations. Thin layers of target mate
must be used to minimize the perturbation of the veloc
vectors by multiple scattering or energy loss in the tar
material: this limits the overall yield. Also, regardless of ho
accurately the recoil velocity vector is determined, theg-ray
energy resolution is limited by the opening angle of theg-ray
detector.

Alternatively, Coulex measurements may be perform
with thick targets at beam energies above the Coulomb
rier where cross sections for feeding the highest spin st
are enhanced. As shown in Ref.@1#, the deexcitation from
these states can be selectively studied with detection sys
comprising a number of Compton-suppressed Ge spectr
eters surrounding a high-efficiency sum-energy/multiplic
inner array. By selecting events with a highg-ray multiplic-
ity, the longest rotational cascades~which involve the high-
est spin levels! can be selected. Under such conditions, m
of the g-rays are emitted after the excited nucleus has co
to rest, and most of the transitions in a collective cascade
R1056 © 1998 The American Physical Society
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measured with the intrinsic resolution of the Ge detectors
this way, weak cascades which were not seen in traditio
particle-g experiments can be resolved ing-g coincidence
measurements. The technique imposes no limit on the th
ness of target material, and in special cases~e.g., 238U @1#,
232Th @9#!, a thick foil of the material can be used both
target and stopper. One deficiency of this alternative te
nique is that it is not possible to reliably measure abso
transition matrix elements directly from theg yields. In the
present work this drawback is not critical as only lev
schemes and branching ratios are discussed.

In the experiments, beams of208Pb ions at an energy o
1300 MeV from the ATLAS accelerator bombarded targ
consisting of,0.5 mg/cm2 layers of 240Pu ~98% enriched!
or 248Cm ~97% enriched! electroplated onto;50 mg/cm2

backing foils of Au ornatPb. The thickness of the targets w
obtained from the measureda activity. Gamma rays were
detected with the Argonne-Notre Dame BGO gamma-ray
cility, which comprised 12 Compton-suppressed Ge~CSG!
spectrometers and a sum-energy/multiplicity array of
BGO scintillators. Events were written to tape when>2
BGO elements and>2 CSG’s fired in prompt coincidence
Severalg-g coincidence matrices with different requiremen
on the multiplicity measured in the array were generated@6#,

FIG. 1. Representative coincidence spectra of theg decay of the
octupole bands in240Pu ~top panel! and 248Cm ~bottom panel! to-
gether with the deduced level schemes. In the spectra, the lette
D and G identify transitions associated respectively with the n
octupole bands, the decay between the octupole and the yrast b
and the yrast sequence. The dashed levels and the dashed tran
in the level schemes were not observed in the present data, but
taken from other references, see text for details. The asterisks
transitions used as coincidence gates for generating the spectr
n
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and the subsequent analysis of these was performed
ESCL8R@10#.

The level schemes deduced from the analysis and sam
coincidence spectra are presented in Fig. 1. The240Pu yrast
structure, previously known up to 14\ @11#, has been ex-
tended to the 261 state, and a side band consisting of ni
intra-band transitions was identified as well. The absol
intensity of the new band is;6% relative to the stronges
observed transition in the ground-state band. Gamma
linking the two sequences have been observed~see Fig. 1!,
and for two levels in the new band, decay branches to
yrast states are seen. The deduced energy levels form a
ral extension of aKp502 level sequence (12,32,52) pre-
viously observed in240Pu @12#. Therefore, the new levels ar
assigned as the high-spin part of thisKp502 octupole band
for which all but the 72 state are now known.

In the measurement with the248Cm target, two cascade
have been identified in addition to the well-known yrast s
quence@8#. The first one of these sequences is given in F
1. It consists of six in-bandg-rays which are in clear coin
cidence with248Cm yrast transitions. This band has an abs
lute intensity of;4% relative to the strongest yrast ban
transition. As in the case of240Pu, inter-band transitions ar
observed, but only one from each level. Angular correlatio
rule out that theseg-rays correspond toJ→J62 inter-band
transitions. They are assigned asJ→J11 transitions for rea-
sons similar to those discussed above for240Pu, namely, ex-
trapolating the band to low spin yields excitation energ
within ;20 keV of the previously known, low spin
negative-parity states assigned asKp512 @13#.1 Another
new band with transition energies of 153, 205, 253, 298, 3
374, 405, and 434 keV was observed at an intensity of;3%
of the strongest248Cm yrast band transition. Its lowest tw
transitions have the same energies to within 0.5 keV as
81→61→41 cascade in246Cm @14#. As theg-rays do not
exhibit coincidence relationships with lines in248Cm, this
second band is assigned as the extension of the246Cm yrast
sequence. The enriched248Cm stock included a;3% 246Cm
isotopic impurity, which accounts fully for the yield in th
246Cm yrast band. No other cascades were identified, th
fore, in this experiment there is no evidence for the even-s
states of the248Cm Kp512 band. However, unlike fusion
evaporation reactions, one would not expect equal pop
tion of both signatures of aKÞ0 band by Coulex. As in the
present data, Wardet al. observed only one signature of th
Kp512 andKp522 bands in238U @1#.

Theoretical treatments of octupole correlations emp
the cranked RPA approach to make the problem of cohe
particle-hole excitations tractable@5,15,16#. As indicated
above, the RPA model of Ref.@5# has been applied to th
A;190 superdeformed bands and also to238U @1#. The

1The coincidence and angular distribution data alone cannot
out the possibility that these are insteadJ→J21 or E2 J→J tran-
sitions; however, with those assignments, the extrapolated low-
excitation energies would be.100 keVlower than those of known
low-lying excitations, and they would give rise to large align
spins which cannot be explained by the collective modes excite
Coulex experiments.
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present data provide an opportunity to further test this R
model. Experimental data and theoretical arguments sug
that as theD l 5D j 53\ subshells are filled, the lowest-lyin
component of the octupole phonon evolves fromK50 to
K51 or 2 @4#. However, only detailed calculations can pr
dict the precise ordering of the differentK components in a
given nucleus. The top panels of Fig. 2 present the nega
parity RPA Routhians in the model of Ref.@5# for 240Pu and
248Cm, and compare the calculations with the data. T
model predicts that the lowest octupole excitation in240Pu
corresponds toK50, while theK51 excitation is the lowes
in 248Cm. This feature does not depend on the exact valu
the octupole coupling strength. For comparison, the low
lying octupole states calculated for240Pu in Ref. @4# also

FIG. 2. Measured and RPA-calculated properties of the240Pu
~left! and 248Cm ~right! octupole bands. Top panels: Diamond
Routhianse8 from the current experiment~filled! and existing low-
spin data~open, see text for details!. Circles, negative-parity RPA
solutions calculated in 0.02 MeV intervals of\v for signature-
exponent valuesa50 ~filled! and a51 ~open!. Middle panels:
aligned spinsi x from experimental data~diamonds, as above! and
from the RPA calculations~dashed or dashed-dotted curves!. Also
plotted as solid curves are the aligned spins for the238U bands with
the sameKp quantum number, i.e., 02 ~band b! and 12 ~band d! in
the left and right panels, respectively. Bottom panels: Ratios ofE1
matrix elements times Clebsch-Gordan coefficients correspon
to Eq.~1! in the text. Symbols are points derived from experimen
branching ratios, while the curves correspond to expectations f
the first-order generalized intensity relationship with the Corio
mixing factorsq(E1) calculated in the cranked RPA approach. F
240Pu, the highest-spin data point is tentative because of the p
ence of a contaminantg-ray at the energy of interest. For248Cm,
the uncertainties are derived from the upper limits on the inten
of the ~unobserved! J→J21 transitions.
A
est

e-

e

of
t-

correspond to theK50 component, while for248Cm, the
K52 band is calculated to be lowest, in disagreement w
the data. This discrepancy may be due to the smaller mo
space used in Ref.@4#. In order to compute the high spi
behavior in the negative-parity bands, as in Ref.@1#, the
model space was truncated and the octupole strength
subsequently chosen to match the octupole band-head e
gies ~i.e., the\v50 Routhian!. From Fig. 2 it is clear that,
at high frequencies, the agreement with the experime
data is satisfactory.

The ability to reproduce the measured aligned spinsi x of
the octupole bands relative to their respective ground-s
bands represents a more stringent test of the cranked
model. The measured alignmenti x is found to reach a pla-
teau at;3\ ~Fig. 2! in the case of240Pu, whereas a smoot
rise with frequency is measured in248Cm. The cranked RPA
calculations for the lowest-lying,K51 excitation in 248Cm
reproduce the data quite well~Fig. 2!. In contrast, the calcu-
lated alignment in240Pu does not exhibit the observed pl
teau. This observation is at present not understood, but
be related to the properties of the yrast band itself. The240Pu
yrast band is the only one in nuclei of this region to show
evidence for a band crossing. It is possible that the inter
tion responsible for the band crossing is weaker in240Pu than
in the neighbors and that, as a result, Coulomb excita
continues to follow the ground-state band rather than
crossing~aligned! band. An alternate interpretation relate
the observation to the strength of octupole correlations. T
octupole band is lowest in excitation energy in240Pu. It is
possible that octupole degrees of freedom impact the sin
particle orbitals and modify the characteristics of band cro
ings and alignments along the yrast line.2 Finally, Fig. 2 also
demonstrates that the alignments of the two new octup
bands are very close to those of the negative-parity ba
with the sameK quantum number in238U. For 240Pu, the
comparison with theKp502 band in 238U is especially
striking and only breaks down at high frequenci
(.0.2 MeV) where the behaviors of the238U and 240Pu
yrast bands diverge~see discussion above!. This similarity of
alignments between the240Pu, 248Cm octupole bands and
their K counterparts in238U may be accidental. It may, how
ever, also suggest that the Coriolis alignment of the octup
phonon isindependentof the location of the Fermi surface,
result which does not come out of the detailed numeri
calculations.

Although the experimental approach used in the pres
work precludes measurements of transition matrix eleme
it is possible to test the theory by investigating the comp
tion between theE1 J2→(J21)1 andJ2→(J11)1 tran-
sitions linking the octupole and yrast bands. As shown
Ref. @1#, this competition depends strongly on Coriolis mi
ing which is expressed in the general intensity relationsh
@17# through theq(E1) parameter:

2We note that the same phenomenon might be happening in
perdeformed nuclei nearA5190, where the strongest octupole co
relations in the second well appear to occur in190Hg, a nucleus
where theJ(2) moment of inertia of the yrast SD band is als
different from all others in the region@2#.
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FB~E1;J→J21!

B~E1;J→J11!G
1/2U^J,K;1,2KuJ11,0&

^J,K;1,2KuJ21,0&
U

5U 122Jq~E1!

112~J11!q~E1!
U. ~1!

The left side of this equation is measured from the decay
g-ray intensities, while on the right side,q(E1) can be cal-
culated within the cranked RPA according to Ref.@18#. The
value ofq(E1) is a measure of the rate at which the Corio
interaction mixes the different components of the octup
phonon. This value varies from nucleus to nucleus, a
within a given nucleus there is also a strong dependenc
theK quantum number of the octupole excitation being co
sidered. Following Ref.@1#, the quantities in Eq.~1! are pre-
sented as a function of the spinJ in the bottom part of Fig. 2.
The data points at high spin are from the present meas
ments for both nuclei. In the case of240Pu, the low-spin data
of Ref. @12# have been added to the figure. The curves c
respond to theq(E1) values calculated within the RPA. Fo
the appropriateK value ~i.e., 0 for 240Pu, 1 for 248Cm!, the
calculatedq(E1) values describe the observed trends in
B(E1) ratios. The calculatedq(E1) is small (0.006\21) in
the case of theK50 band in 240Pu and reproduces the ob
servations. In248Cm, the positiveq(E1) (0.019\21) calcu-
lated by the RPA for theK51 band predicts that, given th
observed intensity ofJ→J11 transitions linking the octu-
pole and yrast bands, theJ→J21 competing branches are
the very limits of the detection sensitivity of the present da
For comparison, fits to the data with the generalized inten
relation give q(E1)50.001(6)\21 in 240Pu and q(E1)
s:
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50.030(6)\21 in 248Cm. To illustrate that theq(E1) pa-
rameter is a sensitive test of theK assignments, curves fo
the second lowest octupole bands calculated in the R
~K51 in 240Pu, K50 in 248Cm! are also shown in Fig. 2
These curves do not agree with the data; bands with th
values of theq(E1) parameter would also have measurab
different J→J61 intensity ratios than seen here.

In conclusion, Coulomb excitation experiments on240Pu
and 248Cm targets with 208Pb beams at energies slight
above the Coulomb barrier have provided new data
negative-parity bands associated with octupole excitatio
The extracted Routhians, alignments and intensity ratios
reproduced satisfactorily in RPA calculations which asso
ate the negative parity structure with theK50 component of
the octupole phonon in240Pu and with theK51 component
in 248Cm. Remarkably, the alignments are strikingly simil
to those observed for octupole bands with the sameK quan-
tum number in238U.
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