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High-spin states i§;Pu and22®Cm have been populated with Coulomb excitation at beam energies slightly
above the Coulomb barrier. In each nucleus a new side band has been identifigccoincidence measure-
ments and has been interpreted as the lowest-lying octupole excitation. The alignments and Routhians of these
bands, as well as the branching ratioskdf decays to the ground-state bands, are in good agreement with
results from cranked RPA calculatio$0556-28188)51203-4

PACS numbgs): 27.90:+b, 23.20.Lv, 21.10.Re, 21.60.Jz

The interest in the properties of rotational bands built onggSCm_ These bands provide an opportunity to test further
octupole-phonon excitations in actinide nuclei has recentlyhe RPA calculations of Ref[5] at normal deformation.

been renewed by two experimental results. The first is_ thehese results represent part of a systematic study of high-
work of Ref.[1] which has demonstrated the power of in- spin states in thé*024224py and2%62%cm actinide nuclei

elastic scattering at beam energies slightly above the Co

lomb barri thick t " £ studving in det and further details will be reported in a subsequent pgfler
omb barrier on thick targets as a means of studying in detail g highest spin states in stable nuclei are best populated
collective excitations in these rotational nuclei. These reac-

. ; : o with multiple Coulomb excitation(CouleX with heavy,
tions are still dominated by Coulomb excitation, and by US".ohz proiectiles. Traditionally. Coulex experiments hav
ing this technique with a relatively modest array sfay bg k pfOJEC des.t aditiona y,” bOlIJe tﬁ pg le Eba c
detectors, Wardet al. observed the yrast band and a D€en periormed at energies well below the Loulomb barrier
in order to ensure that the excitation is purely electromag-

previously-known low-lying K™=0") band in?*®J to high : SHTS
spins (~30%). More importantly, six new rotational struc- netic. The projectile, the target, or both are usually detected

tures were identified, including bands coupled to thell position-sensitive coun_ters, in cqincidence with ﬁhmys
K7™=1",2~ components of the octupole phonon. The secondf interest. A Doppler shift correction of t_hgray energies
is the growing body of experimental datapins, parities, Can be applied on an event-by-event basis from the velocity
excitation energies, anBll inter-band transition ratg§2,3]  Vectors of the outgoing particles. This technique provides
favoring an interpretation of the excited superdeforrt®m) reliable measurements of electromagnetic transition matrix
bands in even-even nuclei of tie~190 region of superde- elementg7]. It has been used quite successfully in studies of
formation as bands built on octupole vibrational band-headgrast bands in actinide nuclésee Ref[8]). This approach
rather than on quasiparticle excitations. Octupole correlahas, however, some limitations. Thin layers of target material
tions are strongest when pairs of orbitals wih=Al=3% must be used to minimize the perturbation of the velocity
are near the Fermi surfa¢é], and it is noteworthy that the vectors by multiple scattering or energy loss in the target
same sets of pairs, e.g45,®0g;, Neutrons and3,®f;,  material: this limits the overall yield. Also, regardless of how
protons, are at the Fermi surface in both the Hg-Pb SD nucleiccurately the recoil velocity vector is determined, they
and in the heavy U-Pu-Cm actinides. Nakatsukaisal. [5]  energy resolution is limited by the opening angle of jheay
have demonstrated that the dynamic propel(geg., aligned detector.
spinsi, and Routhian®’ as a function of rotational fre- Alternatively, Coulex measurements may be performed
quencyfw) of the SD bands in thé&~190 region are well  with thick targets at beam energies above the Coulomb bar-
reproduced in a cranked random-phase approxim&R&A) rier where cross sections for feeding the highest spin states
model. In fact, this work proposes that most, if not all, ex-are enhanced. As shown in R¢l], the deexcitation from
cited SD bands in the even-even nuclei of this region arghese states can be selectively studied with detection systems
associated with octupole vibrations. This suggestion is notomprising a number of Compton-suppressed Ge spectrom-
without debate. eters surrounding a high-efficiency sum-energy/multiplicity
In this communication, we report on the high-spin prop-inner array. By selecting events with a higkray multiplic-
erties of the lowest-lying octupole bands iSﬁOPu and ity, the longest rotational cascad@shich involve the high-
est spin levelscan be selected. Under such conditions, most
of the y-rays are emitted after the excited nucleus has come
*Present address: INFN, Laboratori Nazionali di Legnaro, ltaly. to rest, and most of the transitions in a collective cascade are
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FIG. 1. Representative coincidence spectra ofjtldecay of the
octupole bands irf*%Pu (top panel and 28Cm (bottom panel to-
gether with the deduced level schemes. In the spectra, the letters
D and G identify transitions associated respectively with the ne
octupole bands, the decay between the octupole and the yrast ban
and the yrast sequence. The dashed levels and the dashed transiti

in the level schemes were not observed in the present data, but we
taken from other references, see text for details. The asterisks maFRf_1

transitions used as coincidence gates for generating the spectra.
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and the subsequent analysis of these was performed with
ESCL8R[10].

The level schemes deduced from the analysis and sample
coincidence spectra are presented in Fig. 1. ¥feu yrast
structure, previously known up to &#411], has been ex-
tended to the 26 state, and a side band consisting of nine
intra-band transitions was identified as well. The absolute
intensity of the new band is-6% relative to the strongest
observed transition in the ground-state band. Gamma rays
linking the two sequences have been obserise® Fig. ],
and for two levels in the new band, decay branches to two
yrast states are seen. The deduced energy levels form a natu-
ral extension of &K”=0" level sequence (1,37,5) pre-
viously observed irf*®Pu[12]. Therefore, the new levels are
assigned as the high-spin part of thi§=0" octupole band
for which all but the 7 state are now known.

In the measurement with th&&m target, two cascades
have been identified in addition to the well-known yrast se-
quence[8]. The first one of these sequences is given in Fig.
1. It consists of six in-bandg~rays which are in clear coin-
cidence with?*Cm yrast transitions. This band has an abso-
lute intensity of~4% relative to the strongest yrast band
transition. As in the case o¥*%Pu, inter-band transitions are
observed, but only one from each level. Angular correlations
rule out that these~rays correspond td—J=*2 inter-band
transitions. They are assignedlas J+ 1 transitions for rea-
sons similar to those discussed above ¥Pu, namely, ex-
trapolating the band to low spin yields excitation energies
within ~20 keV of the previously known, low spin,
IH(:zgative-parity states assigned K§=1" [13].} Another
new band with transition energies of 153, 205, 253, 298, 338,
g 4, 405, and 434 keV was observed at an intensity 896
of the strongest**Cm yrast band transition. Its lowest two
nsitions have the same energies to within 0.5 keV as the
8" —6"—4" cascade irP*Cm [14]. As the y-rays do not
exhibit coincidence relationships with lines fCm, this

measured with the intrinsic resolution of the Ge detectors. Isecond band is assigned as the extension of th@m yrast
this way, weak cascades which were not seen in traditionsequence. The enrichéfCm stock included a-3% 2*®Cm

particle-y experiments can be resolved #ay coincidence

isotopic impurity, which accounts fully for the yield in the

measurements. The technique imposes no limit on the thick?*®Cm yrast band. No other cascades were identified, there-

ness of target material, and in special cageg., 2% [1],
232Th [9]), a thick foil of the material can be used both as

fore, in this experiment there is no evidence for the even-spin
states of the?**Cm K™=1" band. However, unlike fusion-

target and stopper. One deficiency of this alternative techgvaporation feaCtiOﬂS. one would not expect equa! popula-
nique is that it is not possible to reliably measure absolutdion of both signatures of K+ 0 band by Coulex. As in the

transition matrix elements directly from theyields. In the
present work this drawback is not critical as only level
schemes and branching ratios are discussed.

In the experiments, beams 8%Pb ions at an energy of

present data, Wardt al. observed only one signature of the
K™=1" andK™=2" bands in?%U [1].

Theoretical treatments of octupole correlations employ
the cranked RPA approach to make the problem of coherent

1300 MeV from the ATLAS accelerator bombarded targetsparticle-hole excitations tractablgs,15,16. As indicated

consisting of<0.5 mg/cn? layers of ?*%Pu (98% enriched

or 2*%Cm (97% enrichell electroplated onto~50 mg/cnt
backing foils of Au or"Pb. The thickness of the targets was
obtained from the measured activity. Gamma rays were

above, the RPA model of Ref5] has been applied to the
A~190 superdeformed bands and also 48U [1]. The

detected with the Argonne-Notre Dame BGO gamma-ray fa- i1he coincidence and angular distribution data alone cannot rule
cility, which comprised 12 Compton-suppressed @SG oyt the possibility that these are instehébJ— 1 or E2 J—J tran-
spectrometers and a sum-energy/multiplicity array of 46sjtions; however, with those assignments, the extrapolated low-spin
BGO scintillators. Events were written to tape wher2  excitation energies would be 100 keVlower than those of known
BGO elements ang=2 CSG'’s fired in prompt coincidence. low-lying excitations, and they would give rise to large aligned
Severaly-y coincidence matrices with different requirements spins which cannot be explained by the collective modes excited in
on the multiplicity measured in the array were generf6dd  Coulex experiments.
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correspond to th&=0 component, while for?*Cm, the

i 1 K=2 band is calculated to be lowest, in disagreement with
- hy the data. This discrepancy may be due to the smaller model
2 - space used in Ref4]. In order to compute the high spin
w r . 0 behavior in the negative-parity bands, as in Rdf], the
— | Exp. data LS ¢
F (o n=- model space was truncated and the octupole strength was
+ | A GSB 1 subsequently chosen to match the octupole band-head ener-

L Ske SR

[=3

gies(i.e., thezw=0 Routhian. From Fig. 2 it is clear that,
at high frequencies, the agreement with the experimental
data is satisfactory.
. The ability to reproduce the measured aligned spjnsf
7 the octupole bands relative to their respective ground-state
bands represents a more stringent test of the cranked RPA
g [T model. The measured alignmeigtis found to reach a pla-
T L teau at~3#% (Fig. 2 in the case 0of*Pu, whereas a smooth
010 020 0 010 020 rise with frequency is measured fi%m. The cranked RPA
calculations for the lowest-lyingK =1 excitation in2*Cm
reproduce the data quite wéFig. 2). In contrast, the calcu-
K=0q=00t5 | lated alignment in?*®u does not exhibit the observed pla-
| teau. This observation is at present not understood, but may
_______________________ T K= 1, g =+0.019 be related to the properties of the yrast band itself. #%u
i K=0,q=+0006 7 e ] yrast band is the only one in nuclei of this region to show no
) evidence for a band crossing. It is possible that the interac-
tion responsible for the band crossing is weake?*fiPu than
J(h) in the neighbors and that, as a result, Coulomb excitation
continues to follow the ground-state band rather than the
FIG. 2. Measured and RPA-calculated properties of #feu crossing(aligned band. An alternate interpretation relates
(left) and 2*Cm (right) octupole bands. Top panels: Diamonds, the observation to the strength of octupole correlations. The
Routhianse’ from the current experimerfilled) and existing low-  octupole band is lowest in excitation energy 3#Pu. It is
spin data(open, see text for detajlsCircles, negative-parity RPA possible that octupole degrees of freedom impact the single
solutions calculated in 0.02 MeV intervals éfv for signature-  particle orbitals and modify the characteristics of band cross-
exponent valuesy=0 (filled) and @=1 (open. Middle panels:  ings and alignments along the yrast IhEinally, Fig. 2 also
aligned spind, from experimental datédiamonds, as aboyand  demonstrates that the alignments of the two new octupole
from the RPA calculationgdashed or dashed-dotted curveslso  bands are very close to those of the negative-parity bands
plotted as solid curves are the aligned spins fordffe bands with  with the sameK quantum number irt38U. For 2*%Pu, the
the sameK™ quantum number, i.e., O(band h and 1" (band g in comparison with theK”=0" band in 223U is especially
the left and right panels, respectively. Bottom panels: Ratidslof striking and only breaks down at high frequencies
matrix elements times Clebsch-Gordan coefficients corresponding>0_2 MeV) where the behaviors of th&®U and 2%y
to Eq.(2) in the text. Symbols are points derived from experimentalyrast bands divergesee discussion aboneThis similarity of
branching ratios, while the curves correspond to expectations fron&lignments between thé&*%Pu, 24Cm octupole bands and
the first-order generalized intensity relationship with the CoriolistheirK counterparts P38 ma{y be accidental. It may, how-

mixing factorsq(E1) calculated in the cranked RPA approach. For S .
249y, the highest-spin data point is tentative because of the preS.y " also suggest that the Coriolis alignment of the octupole

ence of a contaminang-ray at the energy of interest. F8fCm, phonon is_'ndependenof the location of the Fermi surface,la
the uncertainties are derived from the upper limits on the intensityresult which does not come out of the detailed numerical

of the (unobservelJ—J—1 transitions. calculations. . .

Although the experimental approach used in the present
present data provide an opportunity to further test this RpAvork precludes measurements of transition matrix elements,
model. Experimental data and theoretical arguments suggektis possible to test the theory by investigating the competi-
that as the\| = Aj = 3% subshells are filled, the lowest-lying tion between th&1 J™—(J—1)" andJ” —(J+1)" tran-
component of the octupo|e phonon evolves fr&=0 to sitions Ilnklng the octupole and yrast bands. As shown in
K=1 or 2[4]. However, only detailed calculations can pre- Ref.[1], this competition depends strongly on Coriolis mix-
dict the precise ordering of the differelt components in a ing which is expressed in the general intensity relationships
given nucleus. The top panels of Fig. 2 present the negativd17] through theq(E1) parameter:
parity RPA Routhians in the model of R¢&] for 2%u and
248Cm, and compare the calculations with the data. The
model predicts that the lowest octupole excitation?fPu 2We note that the same phenomenon might be happening in su-
corresponds t& =0, while theK =1 excitation is the lowest perdeformed nuclei ne#= 190, where the strongest octupole cor-
in 2*&Cm. This feature does not depend on the exact value aglations in the second well appear to occur'ifHg, a nucleus
the octupole coupling strength. For comparison, the lowestwhere the Z? moment of inertia of the yrast SD band is also
lying octupole states calculated f6f%Pu in Ref.[4] also different from all others in the regiof2].
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B(E1;J—J—1)]Y4(J,K;1,—K|J+1,0) =0.030(6). ! in 2*Cm. To illustrate that they(E1) pa-
B(E1;J—J+1)| [(J,K;1,—K|J—-1,0) rameter is a sensitive test of tie assignments, curves for

the second lowest octupole bands calculated in the RPA
:‘ 1-2Jq(E1) ‘ 1) (K=1 in *®Pu, K=0 in ?*%Cm) are also shown in Fig. 2.
1+2(J+1)q(E1)| These curves do not agree with the data; bands with these

. . L values of theg(E1) parameter would also have measurabl
The left side of this equation is measured from the decay-ouaifferent‘]_f]qi 1 i)nt?ansity " tios than seen here y

y-ray intensities, while on the right sidg(E1) can be cal- In conclusion, Coulomb excitation experiments #Pu

culated within the cranked RPA according to Rdfg]. The d 2%%Cm 1t 1t ith 2080p D tp . iahtl

value ofg(E1) is a measure of the rate at which the Coriolis 2" m targets wi . cams at energies sightly
bove the Coulomb barrier have provided new data on

interaction mixes the different components of the octupolea . - i ! N
phonon. This value varies from nucleus to nucleus, andregative-parity band; assoqated with oct_upole_ excnfatlons.
within a given nucleus there is also a strong dependence oh€ €xtracted Routhians, alignments and intensity ratios are
the K quantum number of the octupole excitation being conteproduced satisfactorily in RPA calculations which associ-
sidered. Following Refl1], the quantities in Eq(1) are pre- ate the negative parity structure with tie=0 component of
sented as a function of the sglrin the bottom part of Fig. 2. the octupole phonon iA*®Pu and with the<=1 component
The data points at high spin are from the present measuré 2*Cm. Remarkably, the alignments are strikingly similar
ments for both nuclei. In the case &%Pu, the low-spin data to those observed for octupole bands with the s&gian-

of Ref.[12] have been added to the figure. The curves cortum number in?%y.

respond to the(E1) values calculated within the RPA. For » ) )

the appropriaté value (i.e., 0 for 2%Pu, 1 for 2%5Cm), the We thank the staff of ATLAS facility for their efforts in

calculatedq(E1) values describe the observed trends in theProviding the?®Pb beams, and D. Ward and W. Nazarewicz
B(E1) ratios. The calculated(E1) is small (0.006 1) in  for stimulating discussions. The authors are indebted for the
the case of th&=0 band in2*%Pu and reproduces the ob- use of **Pu and**Cm to the office of Basic Energy Sci-
servations. Ii?*Cm, the positiveg(E1) (0.019; 1) calcu-  ences, U.S. Dept. of Energy, through the transplutonium el-
lated by the RPA for th& =1 band predicts that, given the ement production facilities at the Oak Ridge National Labo-
observed intensity 08— J+ 1 transitions linking the octu- ratory. This work is supported by the U.S. Department of
pole and yrast bands, tde—+J—1 competing branches are at Energy under Contract Nos. W-31-109-ENG-38 and DE-
the very limits of the detection sensitivity of the present dataFG05-88ER40411 and by the National Science Foundation.
For comparison, fits to the data with the generalized intensitys.H. acknowledges partial support from NSERCanada
relation give q(E1)=0.001(6%: ! in 2%Pu andq(E1)  T.N. acknowledges support from EPSRGK).
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