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Octupole states have been studied systematically in the deformed actinide ZARithei?3+236.23¢), 249y,
245Cm, and?>°Cf using the interacting boson approximation 1. Parameters for the positive parity cores were set
by reproducing data from the ground state gnadbration bands with the extended consist@nfermalism. A
prescription for setting the parametgrsystematically was adopted for the calculations of the octupole bands.
The ordering of theK™=0", 17, and 2 bands and the behavior of maii andE3 transitions are well
reproduced with a narrow range of parameters, particularly when the existencd-efL&4 subshell gap is
assumed. It is predicted that f%Cm and?>°Cf the K™=3"~ octupole states built on the ground state are
located above 6 MeV and are strongly fragmen{&0556-28188)02509-4

PACS numbes): 21.60.Fw, 21.10.Re, 23.20.Lv, 27.9(®

I. INTRODUCTION in Ref.[5] to study the applicability of the IBA-1 with onE
boson to octupole bands in the deformed actinide region.
Low-lying collective negative parity states in even-evenSince the existence of a spherical subshell closure at
nuclei of the actinide region are generally interpreted eitheN= 164 has been proposéd] (in addition to the major shell
as octupole vibrational states or as rotational states of a statflosure assumed to occur ldt=184), we also examine the
cally octupole deformed nucleus. Despite considerable thegole of the boson number on the selection of parameters.
retical and experimental effort during the last fifteen years,
there are still many open questions about octupole collectiv- |I. INTERACTING BOSON MODEL DESCRIPTION OF
ity in this region. For example, in several Ra and Th isotopes THE POSITIVE PARITY STATES
which appear to be stably octupole deformed at high spins, , . )
the boundary between static and dynamic deformations is !N order to describe the positive parity levels we use the
blurred at low spins where the experimental evidence sugBA-1 in the extended consiste@® formalism (ECQP, in
gests a softening of the octupole deformation. However, thé/hich the Hamiltonian takes the forf8]:
negative parity bands of severat=228 nuclei were success- Hoy= €4ng+ 2,040 1)
fully explained using RPA calculatiorjd] as bands built on sd™ Sdld T S2icded:
octupole vibrations. These bands are now considered to Bgnhere
some of the best examples of octupole vibrational behavior
in quadrupole deformed nuclei. Qq=(s'd+d's)+ y,(d'd)?, 2
Octupole vibrations can be described in the framework of
the interacting boson approximatidtBA) [2] by introduc-  and the electric quadrupole operal(E2)=¢e,Qy.

ing anf boson of angular momentubi™=3" in addition to In typical deformed nuclei, one often uses the simpler
the usuals (L"=0") andd (L™=2") bosong3]. Barfield consistenQ formalism(CQF) with e;=0. However, it was
et al. [4] performed a systematic study of tlself Hamil-  recently showr9] that finite ¢4 values improve fits even for

tonian and its parameters in the deformed rare-earth regiomvell-deformed rare-earth nuclei. For the deformed actinide
In Ref.[5], a new parameter constraint was placed on thealculations described here, we adopted the same fitting
sdf Hamiltonian by interpreting the energy of théoson as method introduced in Ref8] and used in Ref[9] for the
the centroid of the low-lying octupole strength. Even with rare-earth region.
this constraint, a detailed description of octupole bands in the Equations(1) and (2) involve three parametersy, xo»,
deformed rare-earth nuclei was achieved with smoothlyanda,, plus the boson numbéty, defined as half the sum
varying parameters. Data on energiES, strength distribu- of the numbers of valence protons and neutrons relative to
tions, andE1 transition strengths for thk™=0", 17, and the nearest closed shell. For protons, we consider the usual
2~ bands were reproduced satisfactorily. The calculationglosed shell atZ=82 and for neutronsN=126 and
predict that in several of these nuclei tB8 strength asso- N=184. Following the suggestion of R¢¥], we also search
ciated with theK=3 octupole states is located at energiesfor evidence of the proposed spherical subshell closure at
above 6 MeV, an energy range usually associated with th&l=164 by examining the plausibility of the parameter sets
low-energy octupole resonan¢eEOR) [6]. necessary to fit the data with and without the effect of this
In the present article, we apply the same prescription usedlosure on the boson number.
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20 TABLE I. IBA parameters for positive parity states.
- - Nucleus Ng €4 (keV) a, (keV) X2 e, (e b)
15 ] 2307h 11 180 ~165 -084  0.20
o [ ) 2 13 80 -180  -0.77 0.19
& L . ) 14 80 —-185 —-0.69 0.18
S or ] 235 14 50 195 -077 018
! T : 15 80 -18.0 -0.77 0.18
[ ] 240py 15 120 -17.0  —091 0.18
5 N B 16 120 -16.0 —-0.91 0.17
- 1 246Cm 14 80 -19.5 -0.77 0.21
i ] 19 140 -16.0 —0.72 0.16
or 1 0ct 14 100 -16.5 —-0.89 0.21
r 1 21 350 —-10.5 —-0.94 0.15
15 .
I ] upper panels of Figs. 2—8. The first excitéd=0" bands
s [ I are not shown, and the calculated energies for these bands
Q-o 10 . are 300-500 keV higher than the experimental values. This
w [ [ latter result is not unusual—it is a feature of many IBA cal-
- culations[8]. The experimental and calculated values of the
5k il ratio R=B(E2;2,—0,)/B(E2;2; —0,) are also given
i (®) in the upper panels of Figs. 2—8.
- The IBA parameters fall into narrow ranges for almost all
Lt . the nuclei studied here. The one exceptiorfCf, which

0
30 25 20 -15 -1 0.0 for Ng=21 (the boson number if th&d=164 subshell gap
5 X, does not exigt yields e4=350 keV anda,=—10.5 keV.
These values are far out of the ranges set by the other iso-

FIG. 1. Contour plots of (a) B(E2:2;—>Og+.s)/B(EZ:21+ topes calculated here: 80 to 180 keV fgy and —16.0 to
—045) ¥ 10° and(b) E(2})/E(2;) for boson number 21. The val- —21.5 keV fora,. If the N=164 subshell gap does exist, as
ues of — e4/2a, and y,x 52 which are consistent with the experi- suggested in Ref[7], then Ng=14 for 2%Cf. The con-
mental values of both quantities f61°Cf are indicated by the cross- tour plots for B(E2;2;—0,)/B(E2;2; —~0,,) and
hatched area. E(2,)/E(2;) with Ng=14 which are given in Fig. 9 show

. " . that a much smalleey/2a, ratio and, therefore, a smaller
The parameters were determined by fitting the energies

the states in th d band ith ficul alue of ¢4 are needed to reproduce the data. In fact, the
€ stales in the ground andbands—uwith a particular €M~ values ofe, anda, obtained forNg= 14 (e4=100 keV, a,
phasis on the low spin states—and the raB¢E2;2)

" D : X =—16.5 keV) fall within the ranges defined by the other
—0g)/B(E2;2; —045). The wave functions for a given pciej in the present study. This result suggests that\the

boson numbeNg depend only on two parametexs and  _ 164 spherical subshell gap indeed exists, particularly since
€4/a,. Therefore, we can determine these two parameters bss50cf would be the most sensitive to the presence of the gap
fitting energy ratios an@(E2) ratios. The absolute energy among the nuclei studied here because its boson number is
scale can then be set by adjustiaganda, (keeping their st strongly affected. In the case®fCm, the boson num-
ratio constaQtaqd the absolut'B(EZ) values can be repro- gr changes by fivérom 19 to 14 if the N= 164 gap exists,
duced by adjusting the effective chargge. but the parameters obtained for these two boson numbers are
This procedure can be performed using contour plots Sucauite similar. In23% and 2*%u, the boson number changes
as those forNB=521 shown in Fig. 1. This boson number by only one if theN =164 gap exists, so almost no change in
corresponds to**'Cf, assuming theN=164 subshell gap parameters occurs. The boson numbers are unaffected by the
does not exist. The plots oB(E2;2,—04.)/B(E2;2{  possible subshell closure #°Th, 234U, and 2%U. The pa-
—045), Which is shown in Fig. (), and E(2))/E(2{)  rameters for calculations which do and do not assume the
[Fig. 1(b)] each include a cross-hatched area which showsubshell gap are given in Table I, and the results of both sets
the range of parameters which approximately reproduces thef calculations are given in Figs. 5-8.
data on these two observablgs00676119) and 24.2, re- The behavior of thes, values suggests that an effective
spectively. It is clear thate;/a, must be nonzero to repro- number of bosons intermediate between those given by the
duce the data ang, must fall near—2/5"2 Once these assumptions of th&l=164 and 184 shell closures would be
values are sely anda, are selected to reprodu@g2; ). most appropriate. When the existence ofkhe 164 subshell
Table | gives the values of the parameters for the positivelosure is assumed, the effective charges necessary to repro-
parity states for the nuclei studied here. The effective chargeguce the data if*%Cm and®>°Cf (0.21 eb) are higher than
e, were selected to reproduce the experimental data fothose in?3°Th and 234236:23¢) (0.18—0.20eb). If no sub-
B(EZ;ZIHOJS). A comparison of the calculated energies shell closure is assumed, effective charges of 0.16 and
for ground andy bands with the data are presented in the0.15 e b—Ilower than in Th and U—are obtained f&#*Cm
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FIG. 2. (a) Experimentally observed values of the energies for
ground state andy-vibration bands and the rati®@=B(E2;2} FIG. 3. Similar to Fig. 2 for?*4. Data are taken from

—045)/B(E2;2; —0y) in *°Th; (b) calculated values of the en- Refs.[13, 14.
ergies for ground state angvibration bands and the ratig; (c)
experimentally observed energies #f=0", 17, and 2 octu- lll. OCTUPOLE STATES IN THE IBA-1 sdf MODEL

pole bands{d) calculated energies fd¢”=0", 1~, and 2 octu- ) ) )
pole bandsi(e) experimentally observe&(Es;ngsas‘) values Octupole states are described in the IBA-1 by adding a

for the J"=3~ members of theK™=0", 1~, and 2~ octupole singlef boson withL =3 to the usuas-d boson model space

bandsi(f) calculatedB(E3;0;,—3") values for the)™=3~ mem-  [3,4]. The total number o8, d, andf bosons is conserved,

bers of thek™=0", 17, and 2" octupole bands. Data are taken and the number of bosonsn; can be zero or one, for posi-

from Refs.[10-12. tive and negative parity states, respectively. The Hamiltonian
is

and 2°Cf, respectively. An intermediate effective boson
counting scheme would yield a constastvalue across the
region. This effective boson number would be similar to that
deduced by Scholtef24] to take into account the subshell Where Hgy describes the positive parity coré; is the
closure atZ=64 in the rare-earth region. However, in the f-boson Hamiltonian, an¥s4s describes thef-sd interac-
present work we will not consider effective boson numbergion. Thef-boson HamiltoniarH; is given by

as in Ref[25] and we will limit ourselves to the assumptions

of N=164 and 184 shell closures. H¢=eins, 4

H=Hgsq+Hi+ Vsqr, ()
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FIG. 4. Similar to Fig. 2 for?%®U. Data are taken from
Refs.[13, 15.

where ¢; is the f-boson energy. The interaction tefvhy;
used here is identical to that used in R¢fs. 5]:

Vsar=ArLglt+AQ4Q¢+Az:EgiEqs 1, 5)

where
Le=2V7(fH)®, (6)
Qr=—2V7(f)@, (7)

and the normal-ordered exchange term

'Eg¢Eqr:=5:(d"T)®(£1d)®):. (8)

Here, as in Ref{5], we interprete; as the energy of the
low-energy octupole stat@ EOS). Since the LEOS is frag-
mented in deformed nuclei, the energy of the LE@®d
thereforee;) in a deformed nucleus was taken to be the
centroid of the observed octupole strength, which is given by
[26]

_ 3EB(E3;055—3/)
- 3B(E3;0—3)

(€)

whereE; is the energy of théth J7=3" state. To set; in

each nucleus we used the systematic behavior of the ob-
served energy centroids, so that inaccuracies introduced by
the poor quality of data in individual nuclei are minimized.

The systematic behavior of the octupole centroids for the
deformed actinide regiorl\N>>140) as a function of neutron
number is shown in Fig. 10. This information comes from
inelastic scattering and Coulomb excitation measurements
performed with protons, deuterons, aadparticles. Experi-
mental studies in which more than one 3tate was mea-
sured were included. There are experimental errors inherent
in the measurements of tHB(EB;O;S_—G‘) values, and
these translate into errors in the centroid energies. However,
these errors are always less than 50 keV, so we have not
included them in the figures. We include all 3tates, even
if they are not assigned to octupole bands by the experiment-
ers. There is some variation in the quality of the data; how-
ever, the compilation is sufficient for the purposes of the
present work.

Throughout the deformed actinide region, the energy of
the octupole centroid appears to increase as a function of
neutron number. This behavior can be explained in terms of
a schematic description of octupole std28—31]. In spheri-
cal nuclei, octupole states consist primarily of two quasipar-
ticle excitations involving the unique parity orbit and the
normal parity orbit with three fewer units of both total and
orbital angular momentum than the unique parity orbit. For
the N>126 major shell, the relevant neutron orbits @rg,
andgg;. NearN=126, thegg, orbit is actually the lowest
in the major shell. As neutrons are added at the beginning of
the shell, thegg, orbit fills and the energy of the octupole
state falls. ByN= 140, thegg; orbit is full and thej ;5,, orbit
is beginning to fill, causing the energy of the octupole state
(or centroid of octupole statpgo increase. The onset of
quadrupole deformation &= 134 results in the breaking of
the degeneracies of the magnetic substates of the single par-
ticle orbits; however, the centroids of the orbits remain
roughly the same, and this general description of the behav-
ior of the octupole centroid remains valid, even in deformed
nuclei.

We use the relationship between the octupole centroid
energy and the neutron number to get The dashed line
drawn in Fig. 10 fromN=140 to N=152 provides a pre-
scription for e; (with e;=E go9) and is given by the equa-
tion

This equation gives a reasonable description of the sys-
tematic behavior of octupole centroids abdve-138. The
slope of this line, 34.37 keV, is similar to the 40 keV slope
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FIG. 5. (a) Experimentally observed values of the energies for ground stateyarbration bands and the rati®= B(E2;2;
—>0;S)/B(E2;21*—>ngs) in 2%3U; (b) calculated values of the energies for ground statesamitbration bands and the rati® assuming the
N= 184 shell closure{c) similar to (b) but assuming th& =164 subshell closuréd) experimentally observed energies €f=0", 1,
and 2" octupole bands(e) calculated energies fd¢"=0", 17, and 2 octupole bands assuming the= 184 shell closure(f) similar to
(e) but assuming thé=164 subshell closurgg) experimentally observeB(ES;Og*_sa3‘) values for theJ™=3" members of th&K™
=07, 17, and 2 octupole bands(h) calculatedB(ES;Og.SaS’) values for the]”=3" members of th&™=0", 1, and 2 octupole
bands assuming the= 184 shell closure(i) similar to (h) but assuming th&l=164 subshell closure. Data are taken from REf6—18.

found in the rare-earth regids]. This is not surprising since 1V. CALCULATIONS OF ENERGIES AND B(E3) VALUES
the structures of the valence neutron shells in the two regions FOR K"=07,1",2" BANDS
are quite similar.

The E3 transition rates are calculated with the operato In deformed nuclei, we expect four octupole vibrational

rbands to occur wittK™=0", 17, 27, and 3. There is a

[4] considerable amount of data available kbf=0", 17, and
i (3 2~ octupole bands, but little or none d6™=3" octupole
T(E3)=ey[s'f+ x3(d")P+H.c] (1)) pands. In this section, we focus &&"=0", 1~, and 2°

bands.K™=3" bands are discussed in Sec. VI.
wheree; is the boson octupole effective charge. The com- Calculations using the IBA-1 with ah boson were per-
puter codes used for these calculations wenair andrBem  formed for theK™=0",1",2" bands of seven nucléf°Th,
[32]. 234,236,234)  240py 246Cm, and?°%Cf. These nuclei were se-
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FIG. 6. Similar to Fig. 5 foP*%Pu. Data are taken from Refd0, 19.

lected because energy aBJE3) information was available tions and consequently does not significantly affect the tran-
for at least two of the these bands in each nucleus. sition probabilities. Given these facts, we have keft=0 for

The ordering of the octupole bands depends strongly othe calculations here.
shell structure. In the beginning of the deformed region, the Calculations of tth(EB;Ogsas‘) transition probabili-
band sequence iK"=07,17,2". As the Fermi level in- ties depend on two additional parametegs(the octupole
creases, the sequence changes tQ01,2” and then to effective chargeand y3. We find that a single value ad;
27,17,0" [1]. Of the seven nuclei examined here, &  (0.19 e b®?) was sufficient to describe almost all of tES
=0~ band is lowest in five. In the other tw3?%Cm and transitions examined here, and we note that a single effective
250ct, theK™=2" band is lowest. charge €;=0.076 e b*®?) also fits the data for deformed

There are four parameters which affect the calculations ofare-earth nucle{5] (the effective charge of 0.2@ b*?
the energies of the negative parity stateffer the positive listed in Ref.[5] was in error by a factor oi/?). There is
parity states have been set [Eq. (4)] andA;, A,, andA; some variation iny5, however, it is similar to that deter-
[Eg. (5)]. The parametek; is set with the prescription de- mined for the deformed rare-earth nuclei in RES]. The
scribed in Sec. Ill. Once this is set, the structure is primarilyvalues ofy; are listed in Table II.
given by the parametes, andA;. The ratioA,/A; deter- The method used here for settiagas equal to the octu-
mines the ordering of the octupole bands of differ€ntal-  pole centroid energyas described in the previous seclids
ues: when this ratio is small, the ordeti§=0",1",27; for  one way of introducing microscopic information into the
large A, /A, the order isKk™=27,1",0". Values for these IBA, which does not intrinsically include details of single
parameters are listed in Table Il. The ordering of the bandgarticle configurations. From the behavior of the other pa-
of different K™ is practically independent of thé&jLyL¢ rameters, it is clear that the importance of shell effects goes
term. This “Coriolis-like” term does affect the order of lev- beyond the behavior of the octupole centroids. However, the
els within the bands and it is useful for fine-tuning in somepresent prescription for setting significantly constrains the
caseq4]; nevertheless, it has little influence on wave func-model, and in fact determinesuiaiqueparameter set4, and
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A,) for fitting the energies of octupole band states. head, while a factor of 0.64 was measured for the

The results for the energies of states in the ground state, »(7/27[743];3/2[631]) configuration in theK"=2" band-
vibration, and octupole bands and the distributionES  head. The large two quasiparticle components probably
strength among the octupole bands are given in Figs. 2—&trongly influence the energies &"=1" and 2~ bands.
For most of the nuclei shown here the calculations reproduc@hese microscopic effects cannot be accommodated in the
the data well. The calculated energy of ti€=2" band in  IBA-1, which accounts only for collective excitations. Simi-
238, 238, and?*%Pu is 400-500 keV higher than the data, lar two quasiparticle admixtures are likely to be responsible
although the calculated band ordering reproduces the expefier some of the other shortcomings of the present calcula-
mental ordering correctly. tions.

In 234U, the experimental band order—with th&"=0" In 2%6Cm, the band ordering is correctly reproduced, al-
band lowest, theK™=2" band next lowest, and thK™  though the calculated energy of ti€ =0~ bandhead is 700
=1~ band third lowest—cannot be reproduced with thekeV higher than the observed energy for both sets of calcu-
present mod€l4]. The calculated spectrum has the band orations. TheK”™=0" band has not been observedtCf,
dering 0 ,17,27, although none of the calculated bandheadbut the calculated energies of tKE=1" and 2° bands are
energies differ by more than 500 keV from the experimentalell reproduced by the calculations.
results. The observed band ordering’U may be caused The fits to high spin states in th€"=0" bands of?*’Th
in part by large admixtures of two quasiparticle configura-and 23U are not as good as at lower spins. The difficulty in
tions in the octupole states. Bjornhoket al. [33] performed  fitting higher spin states might be attributable to the align-
a study of two quasineutron states #i%U using the ment of the octupole phonons, as discussed by VEgul
233U(d, p) reaction and measured large spectroscopic factords in the case of two quasiparticle admixtures in the band-
for the bandheads of ti€"=1" and 2" octupole bands. A heads discussed above, the IBA-1 cannot account for the
spectroscopic factor of 0.53 was measured for themicroscopic alignment effect described by Vogel.
v(7/27[743];5/2"[633]) configuration in the&K"=1" band- Even with the use of a single effective charggefor all
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FIG. 8. Similar to Fig. 3 forCf. Data are taken from Reff22, 23.

the nuclei studied here, thB(E3) relative and absolute served strength distribution iR°°Cf. Without the N=164

strengths for thed”=3" members of th&K"=0", 17, and  closure (so thatNg=21), a significantly smaller effective

2~ bands are generally well reproduced if*°Th,  charge is required.

234.23623%) - and “%Pu. In 24, and **%Pu, the choice oN The present results for the IBA parameters necessary to

=164 orN=184 for the shell closure has little effect on the reproduce the data are suggestive of the existence Nf a

results of the calculations of the negative parity states, as is- 164 subshell closure, but this evidence is certainly not de-

the case for positive parity states. finitive. This issue will not be finally settled until measure-
In 2%%Cm, the calculations give almost M8 strength in  ments ofE(2]) andB(E2;2; —0 ) are performed foN

the K™=0" J7=3" state, while the data indicate that this ~164 nuclei, as suggested in Réﬂ.

state is the strongest among tié=0", 17, and 2 octu-

pole states. It is worth noting again that the calculat€d

=0~ energies are also much higher than the observed ener- V. E1 TRANSITIONS

gies, and it |s_qurte possible that these t.WO deviations are The strengths of electric dipole transitions from octupole
related. Choo_smg a bosqn number a;sum|ng| ari64 Su_b' vibration states depend not only on the structure of the octu-
shell closure(instead of simply assuming té=184 major  qje states but also on small admixtures of the giant dipole
shell Sl,os“ré does not improve the agreement. resonance in the octupole staf88]. In the present work, as

In 2%Cf, the only effect of calculating the boson number e cajculations of octupole states in the deformed rare-
assuming the emstence of tin=164 s_ubshell closure is to earth region in Ref{5], we calculateE1 transitions using an
change theE3 effective charge required to reproduce the,perator which includes the effect of small giant dipole reso-
experimental octupole strength distribution. If the=164 e admixturef3s]
closure is considere@iving Ng=14), the effective charge
which reproduce€3 strengths in the other six nuclei con- (E1) : D) .,
sidered heree;=0.1% b¥2 can also reproduce the ob- Toar =€[(d'f+df)"Y+x;0,+x,01], (12
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data in Figs. 11-13. To simplify the reading of these figures,
the results for*°Th, 224234, 2%y, and?**Cm are located
in the same panel location in each figure; h€=0" and
1~ results for?%®U and theK™=2" results for2°°Cf are

20 TABLE Il. IBA parameters for negative parity states.
- ] €¢ Az Az
15k ] Nucleus (keV) Ng (keV) (keV) x3 x1xX10% xjx10?
~ T i 230Th 077 11 -21 0 000 —3.00 -6.00
§ L ] B4y 0.84 13 —-27 —-37 0.00 -260 -—514
o5 101 : 7 236 091 14 —-31 —31 000 —254 —4091
' - 1 =y 098 14 —-37 -—37 0.00 —-254 -—4091
L 1 15 —-34 —-34 000 —-231 -—468
5 ] 249y 098 15 —26 -5 +0.38 —242 —4.73
- 1 16 —-25 -5 +0.38 —-242 —-4.73
i | 24Cm 111 14 —-40 -220 +0.38 —231 —468
0_””"'”'"”|"”IHUIHH 19 —45 —247 +076 —242 —4.73
- 250ct 1.18 14 —42 —-222 +0.76 —-231 -—4.50
i 21 —27 —200 +0.76 —242 —4.73
151
< r constraint, we make only small deviations from the ratio
Q.c 10~ X1/x1=2 to fit the experimentaE1 ratios.
w [ The parameterg; andy; used for each nucleus are listed
i in Table Il. The results of the calculations fad transitions
sk to the ground state bands are compared to the experimental

0
-3.0 -25 -20 -15

V5 X, shown in the lower right hand panels of the appropriate fig-
ures. The agreement between the calculated and experimen-
FIG. 9. Similar to Fig. 1 but foNg=14. tal values shown in Figs. 11-13 is generally good. The

branching ratios deviate—sometimes significantly—from the
whereO, and O} are two-body terms. It was found in Ref. Alaga ratios due to mixing between octupole bands with dif-
[37] that in order to reproduce branching ratios given by thefere_nt_K values. The present caIcuIau_ons reproduce these
Alaga rules for pure states of godd quantum number, the deviations and the trend of the experimental values rather

H 24
parameters; andy, must approximately satisfy the relation Well- However, in some casée.qg., Cm) the model does
v1=2x.. The same parameters also reproduce Efe not reproduce the data very well. Even larger discrepancies
1— 1

branching ratios in rare-earth nuclei, including those case8U" for those branching ratios myolvmg transitionsyto

where there are significant deviations from the Alaga rule. V|br_at|onal bandsTable .I I.I)'. These discrepancies seem to be
We first analyze branching ratios &1 transitions, for mainly due; to the sensitivity Of the calculatéd. transition

which the E1 effective chargee, cancels out, in order to rates on different parameters in the operator. The two-body

focus on the parametexg andy’ . To satisfy the Alaga rule terms, which are large in absolute value, almost cancel each
P S X1 9 other to reproduce the small observeel transition

strengths. Another important contribution may come from

2000 T T T T single particle effects, which are discussed at the end of this
r A Th . section.
— 1500 ou . Data on absoluté3(E1) values for some transitions in
> [ ¢ Pu 7] 239 are availabld16] and are listed in Table IV. In particu-
X [ O Cm 6 o ] lar, B(E1) has been measured for the decays of Jfie
T 00 ¥ O o e = =3~ states of thaK™=0",1",2" octupole bands to the*2
o r A_B7H b and 4" members of the ground state band. Table IV shows
g L - i that theB(E1) values for these transitions AU can be
O 500 E_ Centroid = (34.37 keV) x N-4043keV ] well reproduced with a single effective charge for either shell
C ] closure assumption (0.026 fm for the assumption of a
C ] N=164 subshell closure, 0.025 fm without the subshell
0 L '14110' - '1"‘5' L '1;)0- o '1é5- N closurg. The results with and without the subshell closure
are quite similar, so only the results with the subshell closure
N are shown in Fig. 14. Thé*U effective charge is deter-

. .. . —_ +
FIG. 10. Octupole centroidfas defined in Eq(9)] graphed mined by normalizing the Calcgla_tea(El*?’K:O_’zl)
against the neutron numbar for N=140—152. The data are from value to the data. The largest deviation of a calculated value

Refs.[10, 13, 16, 20, 22, 27, 3&nd the dashed line is discussed in from an experimental value occurs for tH&(E1;3,_,
the text. —27) transition, where the calculation is nearly a factor of
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TABLE Ill. B(E1;J; —J;{;)/B(EL;J; —J{,) values for transi- K=1"-gsb.
tions to y bands. Data are taken from Ref41, 14. ! ! !

Nucleus K™ J7 Jf J5 expt calc LT\
2307 1~ 1 2) 2 0.153)  2.70 T et
2~ 27 3, 2, 03713 042 =
2= 2, 2 25619 164 S Cer T
3- 3, 27 13117 0 2.0
3” 2;’ 27 0.536) 0.045 g
B4 2= 20 2, 27 410110 29 o
4= 35 4 55(40) 3.4 ooef
1 3" 2; 21+ 40(14) 0 M
;¥
0 Il i
0 5 10
10 larger than the experimental value. The effective charge I
i i1 +
can also be used to predicB(E1l;1c_,—045) and FIG. 12. Same as Fig. 11 fd¢"=1" bands. Data are taken

B(E1;1,;:ﬁ0;s), which have not yet been report¢the  from Refs.[11, 14-19, 21, 3p
report on a high resolution photon scattering experini@8t
did not give any results for states below 1782 keVhese =3 state to the ground state band member$®f. This
predictions are also listed in Table IV. anomaly was noted earlier by Ledef&9]. However, the

A few absoluteB(E1) values have also been measured in“collective” E1 transitions induced by the dynamic dipole
B4y, In BY, B(E1l;2¢_,—2;{) and B(El;2¢_, moment of the octupole-vibrating nucle(s recent discus-
Hz;f) have been determined experimentdliyf], allowing  sion of dipole moments in octupole-vibrating nuclei is given
us to fix the effective charge for this nucleus by normalizingin Ref.[40]) are generally quite small compared to the Weis-
the calculated value dB(E1;2,_,—27) to the experimen- skopf unit(W.u.) (only 10"* W.u. in %) and are therefore
tal result and to predict B(E1:1E:0—>0$_s) and syscepuble to interference, and canf:ellatlorl, from single par-
B(E1;1E:1—>0Js), as shown in Table IV. We have fol- ticle effects. Leandeet al. [41] described th!s effect for the
lowed a similar procedure for*®U, where B(E1;1,_, fstably octuptﬁle delfqrmetg Ra a.”fjt' Tg;%cle:zrléftfzzzt_and
_)0;3) andB(E1:1;_,—27) have been measurédis). In or rare-earth nuclei in the vicinity a. ransitions

. o’ 14 . .
this nucleus, the effective charge is fixed by normalizing theare indeed much weaker if*'Ra and**Ba than in their

: e + X neighboring even-even isotopg$2,43, and the authors of
calculation forB(El,’lKﬂ_)Og-S_) EO the Expgrlmentgl re- Refs.[42, 43 attribute this to the shell effects described by
?_:_Jltblar:\d/) a prediction foB(E1;1c_;—0qs) is obtained | ganderet al. We can speculate that #3%U we are observ-

able V).

. e .l i ing a similar shell effect, but in a case of dynamic octupole
- The E1 transitions from theK”=0" J7=1" state in  geformation instead. A theoretical investigation of this pos-
% to members of the ground state band are three orders

) = ord @bility would be interesting.
magnitude weaker than the decays from #®&=0"J The fact that sharply different values of td effective

charge are required to reproduce absokfestrengths in the

K=0"-gs.b
T T T T T T T T K=2"-gsb
| .s.b.

ne 2opy | moy | | #cm | T . .
f\ ! 230,
= ! _al ™ |
- ’ =
-~ | —
T 2P\ 1 4 + R X 4 |
[ ] ’} N | 2
é = =R I 'T &r T
E‘{ x \ /l :"
N0 t I t f I f F f i a
+ fan] k]
= s 2341y 240p, 2387y > 0 { } }
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FIG. 11. Experimental and calculate@1 branch ratios

B(E1;J—J+1)/B(E1;J—J—1) for E1 transitions from the&K™ FIG. 13. Experimental and calculate@1 branch ratios
=0~ band to the ground state band?iiTh, 23423623}) 24%y and B(E1;J—J+1)/B(E1;J—J—1) for E1 transitions from thek™
246Cm. Calculations assuming the existence offhe164 subshell =2~ band to the ground state band fi°Th, 234234, 249y,

gap are displayed as solid lines; calculations without this assump?*®Cm, and?°Cf. Calculations are displayed as in Figs. 11 and 12.
tion are shown as dashed lines. Data are shown as crosses and Bx&a are shown as crosses and are taken from Rielfs14, 16, 17,
taken from Refs[11, 14-19, 21, 3p 21, 23, 34.
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TABLE IV. B(E1;J; —J;) values. Data are taken from Ref¢4-16.

e; (e fm) e; (e fm) calc (€2 fm? calc (€% fm?)
Nucleus N=164 shell N=184 shell K™ Jr J7 exptE? fm?) N=164 shell N=184 shell
34y 0.057 o 1 Oys. 2.6x10°*
1 1 ogs_ 1.2x10°*
2" 2 27 39(5)x10° 7 5.8x10°°
2" 2" 27 1.7(5)x10™* 1.7x1074
3y 0.00080 0 1 o;s, 6.3820)x10 8 6.4x10°8
0~ 1- 27 2.867)x1077 1.4x10°7
1- 1- Ogs. 1.1x10°8
2y 0.026 0.025 0 1 ogs 8.3x10°° 8.6x10 °
0~ 3 27 1.1(3)x10°* 1.1x1074 1.1x1074
0 3" 4 1.44)x10"4 1.5x1074 1.5x1074
1 1 ogs_ 8.9x10°¢ 7.9x10°8
1- 3 27 5.1(9)x107® 1.7x10°% 1.7x107°
1- 3 47 1.32)x10°° 1.8x10°° 1.9x1075
2" 3 2 1.92)x107 1.6x10°° 1.4x10°°
2" 3 47 4.7(6)x1077 9.5x1077 8.7x1077

uranium isotopes illustrates an important point about the Chanet al.[44] proposed that irf*2Th theJ"=3", 47,
IBA. While the IBA can reproduce the relationships betweenand 5 states at 1182, 1218, and 1329 keV, respectively, are
the strengths of differenEl transitions within a single members of &™=3" octupole band. Thd"=3" member
nucleus, the single particle effects which play a large role irof the band was populated more weakB(E3; 0* —37)
varying E1 strengths from nucleus to nucleus are not in-=0.039 € b®] in the Coulomb excitation work of
cluded in the IBA. These effects must be included inagh McGowan and Milnef28] than theK™, J’T—O ,3” state at
hocway via the effective charge. 774 keV [B(E3; 0+ —37)=0.54(5) e? b®]. However,
Schmorak{15] notes that the only observegddecay of the
1218 keV state is to the Bstate, so that the 4 assignment
is likely to be incorrect. In addition, Schmorak offers 36
assignment for the 1329 keV state. Hence, there is no band
structure to support th&™=3" assignment for the 1182
keV state. In addition, Sooet al.[12] note that there is little
support for several of the band assignments proposed by
ghanet al.
n 24U, there is an apparett™=3" band withJ"=3"
d 4 states at 1723 and 1762 keV, respectively, which has

VI. K™=3~ BANDS

While the data on energies a®(E3) values forK™
=0",1",2° bands are nearly complete for the six nuclei
discussed here, no collecti€™=3" octupole bands have
been firmly assigned in this mass region. Sevé&akE3~
bands containing more than one state have been identifie
Some appear to have noncollective two quasiparticle origin,
and in other cases the band structure has not been unambi ; " i
ously established. This situation is similar to that in the deP€€n observed vig decay[14,45. The B(E3;05—3")
formed rare-earth region, where the datalofi=3~ octu-  value for this band3 as measured with trisd’) reaction
pole bands are limited and questionaffié [13], is 0.091) e? b% which can be compared to the values

of 0.644), 0.424), and 0.041) €? b for theK™=0", 27,
and 1" octupole states at 849, 1024, and 1486 keV, respec-

-3

10 3 ! I E tively. Bjornholm etal. [45] assigned a 5/7642]

104 L g 2 | : +N>-_i —1/27[530] two quasiproton configuration to this band,
& ! ! o 3 rather than a collective octupole interpretation, and the small
N§ 105 - RS ! X B Doy value ofB(E3;0 —37) for theJ™=3" state is consistent
f{ ! = ! 3 with this assignment. Ardissoet al. [46] also identified a
J'—T» 106 - D oarer | X x — state at 1959 keV and assignkd, J7=37,3" to this state
" E | - o 3 on the basis of the strengths of tBéM 1) transitions deex-
£ 107 = | { = citing it. No associated band structure has yet been identified,
& F { | 3 so theK™ value cannot be confirmed. Ardisset al. sug-

108 - ! : E gested a 7/2[743]— 1/27[631] two quasineutron configura-

’ E ! ! 3 tion for this state on the basis of theoretical arguments.
10° K=0 Kot Ke2 An extendedK"=3" band has been observed fA%U

(states withJ™=3", 47, 57, 67, and 7 at energies of

FIG. 14. A comparison of experiment@irossesand calculated 1192, 1232, 1282, 1343, and 1413 keV, respectjvaing
(squares B(E1;3™—J") values in238U. The calculations were the 2%U(d,p) reaction by Katorit al.[47]. While this band
normalized so thatB(E1;3;_,—2,)=1.1x10"* €? fm?% The is populated strongly in thed(p) reaction, the)”=3" state
data are taken from Ref16]. was not observed at all in th€®U(d,d’) study of Boyno
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et al. [13]. Thus, Katoriet al. argued that the band has a I T I
nearly pure 7/2[743]—1/2*[631] two quasineutron con- 08~ (a)
figuration, and not a collective octupole structure. K=0 230ThH
In their B decay study of3®%u, Winteret al. [48] pro- 081~
posed that a)"=3" state they observed at 1203 keV has
K™=3" and a 7/2[743]—1/2°[631] two quasineutron 041~ K=3
configuration instead of a collective octupole origin. No data 02 ket K2
on B(E3;0,,—3") are available to test for collectivity. ) N ‘
Parekhet al. [49] proposed that a state observed in the 0.0 |
24%py(,d’) reaction at 1675 keV[10] has J", K~ ' ' ' '
=37,37, even though no data on the angular distribution of 08 K=0
the scattered deuterons is available. Therefore, this assign-
ment is not adequately supported. 0.6~ 234y
There is a much stronger candidate foK&=3" octu- =3
pole band ir**%Pu, withJ™=3", 47, and 5 states located 0.4 K=2
at 1019, 1064, and 1122 keV, respectively, and a large -
B(E3;0;,—3") value. TheJ"=3" member of this se- 0.2~ N
guence was measured in the Coulomb excitation study of
McGowan etal. [50] to have B(E3;0,,—3") o 00 ' ' '
=0.45(7) e? b® (compared to 0.42(7)e? b for theJ™, K™ o‘gz 08~ (g
=37,0 statg and in the 1,d’) measurements of Elzt al. pud K=0
[27] to haveB(E3;0,,—37)=0.74(11) e® b* (compared « 06 Ke 236
to 0.71(9) € b® for the J7, K™=3,0° stats. To firmly ke >
establish aK™=3" assignment, it would be necessary to © 04~
eliminate the possibility that there is a lower spin member of m
this band by performing a complete spectroscopic study with g7 92~ K=1
a nonselective experimental probe suchas(vy).
Yateset al. [20] suggested that th#"=3" state at 1527 0.0 ; ’ ’
keV and the]J™=5" state at 1652 keV if*®Cm are mem- 08 (d)
bers of aK™=3~ band. TheJ™=3" state was strongly K=0 038
populated in the ¢,d’) study of Yateset al. [B(E3;0;"S. 06 U
—37)=0.18 €? b®, compared to 0.33, 0.30, and 0.27 b° =2 =3
for the K™=0", 17, and 2 octupole states, respectivély 0.4
However, Yate®t al. also raised the possibility that the 1527
keV state might be a member of k=0~ or 1 band in 0.2|- K=1
which the 1427 keV state would be tl#=1" member.
Once again, further experimental work could clarify this situ- 0.0 T T T
ation. 0.8
A similar situation exists ir?>®Cf, where Ahmadet al. (e) K=
[22] suggested &"=3" band assignment for th&"=3" 0.6/ 240py
state at 1427 keV and th# =5~ state at 1541 keV. The Ko
J7=3" state in this sequence is populated strongly in the 0.4 K=0 h
(d,d") experiment of Ahmadet al. [B(E3;Og+_s_—>3*) K
=0.13 e’ b’, compared to 0.046), 0.192), and 0.2 Koo
0.20(2) €? b®for theK™=0", 17, and 2 octupole states, | 2"
respectively. However, a detailed measurement of band 0.0 (') 2 "1 o
structure in this nucleus would be necessary for this assign- E(MeV)

ment to be convincing.

While any of theK™=0", 17, or 2~ octupole vibrational
bands can be the lowest in the IBA-1, tk€ =3~ vibra- FIG. 15. CalculatedE3 strength distributions for thek™
tional band isalways highesin energy given realistic param- =0",1",2", and 3~ octupole states fof*°Th, 24, %%, 233,
eters. In the S(B) limit of the sd Hamiltonian, thesd-f  and**%Pu with e;=0.1% b¥2 The subscript 2 denotes =3~
quadrupole-quadrupole interaction breaks the degeneracy &fate built on ay vibration.
the negative parity states and develops different bands char-
acterized by the quantum numide51]. The splitting of the  energy relative to thd”=3" members of th&"=0", 1~

different bands is proportional ti§” and to the strength of and 2~ bands built on the ground state according to the
the sd-f quadrupole-quadrupole interactidx. In particu-  relation[4]

lar, for large negative values &,, the energy of thel™
=37, K™=3" state based on the lowest &Y irreducible
representation of the positive parity core is pushed up in E(K)=EO+(2N—2)(4—K2)A2/\/€. (13
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0.8 3.0 . . . T .
(a) N = 184 shell closure 246Cm o5k i
0.6 |- .
. S 20t o; .
04 (- N § ]
K=2 < 1.5F .
w =% -
02 L C.L =3 1.0r gt .
¥ r— Y
0.0 i L 051 ]
0.8 - __ 00 : +
(b) N = 164 shell closure 246Cm &t Ngy=184 x
06 |- D O e ]
= 03f - X .
6.; 041 =1 T M‘t ]
Al 0.2} -
2 oo | K2 1% K= S
@ K=0] * ™ D ot :
) 0.0 J1d . AN T = |
5 0. . . . . &
i 0.8 [ : 0.0 ' . L . -
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i A
o 06
K=o K=1 FIG. 17. Predicted values for the energies aB@ES3;0"
0.4 |- —>3;) values for theJ”=0", K"=0" states resulting from the
. coupling of theJ™=3" member of they-vibrational band with the
02 Or:| K=3 J™=3" member of theK™=2" octupole band. Calculated values
;,':, K=1\| | |l ' | are indicated by crosses and the lines are included to guide the eye.
0.0 R : b L1 0]
08 low-energy octupole resonaneEOR), which is considered
(d) N=164 shell closure 250§ to be a %Lw excitation and is located near an energy of
06k 31A" ¥ MeV [6], would occur near 5 MeV in this mass
region and would complicate an attempt to identify #&
04 | =3~ octupole strength iR**Cm and?*°Cf and perhaps even
=1 Ke3 the U and Pu isotopes, if the present predictions are valid.
0.2 -K=2 - — These predictions highlight the importance of further inves-
w K=0 | I tigating theK™=3" strength in these nuclei.
0.0 1l , L1
0 2 4 6 8
E(MeV) VII. MULTIPHONON STATES
FIG. 16. CalculatedE3 strength distributions for th™=0", Recently, there has been considerable discussion about

17, 27, and 3 octupole states fof*Cm and?5°Cf. Results as- the existence of multiphonon states in deformed nuclei.

suming both the existence and nonexistence oftkel64 subshell  There is experimental and th’?oreFica' evidgnc;e f0|.' two-
closure are shown. The subscript 0 denotéd€a 3™ state built on  phonon octupole-quadrupole vibrational excitations in de-
a B vibration. formed nuclei[52], and the IBA includes such statg4].

When these states hayé=3", the IBA predicts that they

For a Hamiltonian corresponding to deformed nuclei butwill sometimes have small but nonze&3 strength from the
not in the SW3) limit this pattern is altered, but th&k™  ground states. In Figs. 15, 16, these states are indicated by
=3~ state is still highest in energy. The effects of thesubscripts. The IBA also predicts the existence ofi"a
qguadrupole-quadrupole and exchange terms instthd in- =07, K™=0" state resulting from the coupling of thE
teraction are explored in more detail in R§6]. Here we  =3" member of they-vibrational band with thel™=3"
simply present the results of the calculations of the distribumember of theK™=2" octupole band. Predictions for both
tions of E3 strength from the ground state over a wide rangethe energies anB(EB;O‘—>3;) values for these states are
of excitation energy for the nuclei under studiigs. 15, 16. displayed in Fig. 17.
The effective charge was taken to &g=0.19 e b*2 The version of the IBA-1 used in the present work cannot

In all cases, the lowest-lying™=3" state in the calcu- calculate two-octupole-phonon states because it includes
lation is an octupole state built on the ground state?*fiih, only onef boson. However, the possible importance of two-
234,236234)  and?*%Pu (Fig. 15, theK™=3" strength is cal- octupole-phonon states in the structure of heavy deformed
culated to be concentrated in a single state at an energy bauclei has already been argué8], and studies of multiple-
tween 2 and 4 MeV. In contrast, tH€"=3" strength in  f-boson states should be pursued.
246Ccm and?°°Cf (Fig. 16 is calculated to be at much higher ~ The present results on both single-phonon and mul-
energies(near 8 MeV in?*%Cm and 6 MeV in?°Cf) and tiphonon states differ from those in a recent study of octu-
strongly fragmented. This fragmentation is not significantlypole states in some actinide nuc{gicluding several studied
changed if we consider thBl=164 subshell closure. The here with the coherent state mod@SM) [54]. In the CSM,
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it is assumed that th&™=1" bandhead is created by the of manyE1 transitions and the distribution &3 strength
coupling of an octupole phonon to thHé= 2; state, and the for these bands, and we are able to achieve the latter with the
K™=2" bandhead results from the coupling of an octupoleadoption of single octupole effective charge for all seven
phonon to thel™=0}, state. TheK”=3" octupole state is nhuclei studied. A comparison of the two calculations of the
not addressed at all in the CSM. Further theoretical investiE3 strength distribution irf>Cf (assumingN=164 and 184
gations of multiphonon states will be needed to thoroughlyshell closureswith the data favors the existence Nf= 164

understand the nature of the lowest collective octupole state@2p- This conclusion is also supported by the anomalous val-
in deformed nuclei. ues of the parameters required to reproduce the positive par-

ity states in2°0Cf without the N=164 subshell closure. In
VIIl. SUMMARY addition, we predicted tha¢™=3" octupole states iA*Cm
and 2°%Cf occur at energies of 6 MeV or above and are
We have studied octupole states in even-even nuclei igtrongly fragmented. Finally, we have predicted energies and

the deformed actinide region USing the IBA-1 with ohe B(E3,07_>3;:) values for theJ™=0", K"=0" states
boson by adopting the extended consis@niermalism[8]  \hich result from the coupling ofy- and octupole-
to describe the positive parity core and a prescription fokjibrational states.
setting the paramete; similar to that used for the deformed
rare-ear_th region in Ref5]. To gxamine the possibility thz;t ACKNOWLEDGMENTS
a spherical subshell closure existd\at 164 as suggested in
Ref. [7], we performed two sets of calculations for each We wish to thank R. F. Casten for his many helpful com-
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