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Octupole correlations in the transitional actinides and thespdf interacting boson model
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The region of light actinidesZ~88N~134), which is thought to exhibit signs of stable octupole defor-
mation, offers a real challenge for nuclear structure models. We study the even-even Ra-Th nuclei in the
framework of thespdf interacting boson model and we find that while the properties of the low-lying states
can be understood without stable octupole deformation, higher spin sfatel?f) in some of these nuclei
(e.g., ?*Ra) suggest that octupole deformation develops with increasing spin. We also discuss how octupole
deformation can arise in the rotation(@lynamical symmetnylimit.
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I. INTRODUCTION bosons withL™=0" and L"=2", respectively. Negative
parity states are described by introducing bosons with odd
Nuclear octupole states, despite nearly 50 years of historyalues of angular momentum. Attempts to describe both the
are much less understood than quadrupole collective stateguadrupole and the octupole excitations were already pro-
The question of the existence of octupole deformation igposed at an early stage in the development of the model
challenging for nuclear structure models. The difficulty[4,5]. Thef(L™=3") boson has been introduced in addition
arises from the fact that there are no specific establishetb the standard and d bosons. As long as only octupole
phenomenological criteria for the degree of octupole collecvibrations are considered, the introduction of only drm-
tivity. Although there are many mode[4], microscopic or son appears to be sufficient to describe the octupole vibra-
macroscopic, geometrical or algebraic, there is yet no defitional bands in quadrupole deformed nug¢ki-8]. However,
nite answer as to which nuclei are octupole deformed, if anyin order to describe the low-lying{=0" bands in transi-
or which models adequately describe the occurrence dfonal actinides,p(L™=1") bosons were considered. The
strong octupole correlations. spdf version of the IBM was introduced by Haat al. [9]
Extensive and numerous experimental and theoreticaind by Engel and lachelld.0]. Since the entire model space
studies were dedicated over the years to the study of the liglig very large, different truncations of the Hilbert space or/and
actinides where it has been argued that the nuclei ar@und the Hamiltonian have been applied and a variety of data suc-
~88N~134 might present intrinsic octupole deformation cessfully explained in the rare-earth nudéil—14 and in
[1,2]. In the even-even nuclei in this region, alternating par-the actinided15—-18. However, the recent increase in the
ity bands,K’T=01+ andK™=0; , which are thought to indi- amount of available data in transitional actinides makes a
cate the presence of stable octupole deformation, have besystematic study of the entire region very interesting and
observed. However, the question of the existence of octupolehallenging.
deformation is still very much open and different empirical ~From the algebraic point of view, the introduction of e
signatures are controversial. The recent developments iboson along with théboson leads to many new symmetries.
spectroscopic techniques have produced qualitatively neWynamical symmetries of the related group(16), were
sets of data that constitute a real challenge for different modstudied by Nadjakov and Mikhailoy20] and completely
els and extensive numerical studies are necessary to test thewnstructed and classified by KusneZat,19. By coupling
ability to describe the experimental features. A suitable andhe f boson algebra to thed space of W6), no nontrivial
versatile model for the description of quadrupole-octupoledynamical symmetries are realized. Introducing the addi-
collective degrees of freedom is the interacting boson modedional p boson, one obtains new symmetries, including vibra-
[3]. The aim of this work is to obtain the simplest systematictional, rotational, and/-soft structures in the fubpdf space
description of a large region of transitional even-even nucle[19]. We are interested in studying the behavior of negative
(Z=86—-90, N=130-142) and to test whether octupole de- parity states in a region where the positive parity states are
formation is necessary and where it should appear. undergoing a transition from vibratofdJs4(5)] to rotors
[SUsg(3)]. The existence of the {Jq(5) and SU,4(3)
limits in the full space allows us to study this transition treat-
ing positive and negative parity states on equal footing.
The interacting boson mod€lBM) offers a phenomeno- Although, the introduction op bosons appears to be dic-
logical approach of collective nuclear structure by introduc-tated by the underlying microscopic structyéd], there is
ing bosons of a given spin that are associated with the como clear understanding of its nature. Engel and lacH&%
responding multipole modes. The quadrupole vibrations andonsidered that the origin of theboson could be a possible
deformations are described in terms of interactingndd  correction of the spurious center-of-mass motion of the

II. spdf INTERACTING BOSON MODEL CALCULATIONS
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quadrupole-octupole intrinsic system. Otsuka and Sugita_KQsd.Qsd. We assume that the same degrees of freedom
[15], on the other hand, have argued that correction for theyill describe the evolution of the negative parity states as
spurious center-of-mass motion introduced by H#son is  well. The Hamiltonian that contains the essential degrees of
of the order ofO(1/A), which is negligible in the first ap- freedom of the evolution from vibrational to rotational struc-
proximation in heavy nuclei. Sugitat al. [14] considered ture is

that the p boson is related to the giant dipole resonance

(GDR), thus thep boson energy £ 15 MeV) is very high H=eqng+ €,np+ €= kQspar Qspars (1)
compared to the energy of the other bosossl(5 MeV). A

similar idea was used to show that the c_oupli_ng of the GDRyhere €,, €4, and ¢ are the boson energies arﬁ:iJ
states p boson state)s'to the octupqle-wbraﬂon stated ( =—p'p, ﬁdsz-a, andﬁf= — 1.7 are the boson number
boson_state)ss responsible for the existence of the tWO'bOdyoperators. The quadrupole operator

terms in thesdf E1 operator{22], terms that are necessary

in order to explain th&e1 data in quadrupole deformed nu- Ocrgi=Ougt O

clei in the framework of thesdf IBM. Despite all these spdi Xsd T ~epf

studies, the justification and the physical significance ofthe ~ ~ N2,

boson still remain open questions. =[s'd+d"s]+xF[d"d]®+ ?[DTHpr](Z)
Even though the dynamical symmetries of the IBM

constituted benchmarks for the phenomenology of the quad- 93 .. 3\/4—2 ~

rupole collectivity, in th f octupole collectivity non +x$71 = [P B+ ——[TF]? 2
pole collectivity, e case of octupole collectivity none Xpfl 10 10

of the dynamical symmetries of trepdf model have been

fully exploited. TheZ~88N~134 nuclei provide a good with X(S%)=i\/7/2 andxézf)=t1 is related to the Casimir

test of the model due to the wealth of experimental informa-
tion. In addition, it is also a region where octupole deforma-Operator of the Stpaf3) subgroup of Lye(16). We note

tion has been predicted by microscopic-macroscopic calculdD@t the equally good choid@s = Qsg— Qpr €ads to iden-

tions [2] to play a role in the behavior of the collective tigal resu!ts, th.e energy levels being invariant with respect to
negative parity states. In this way the low-lying negativelhis relative sign between the quadrupole operators. Con-
parity states in the light actinides could constitute a severering the sign ofy(, we obtained a better fit ity
test of the extension of thef basis necessary to explain the = —1 (for x3=—17/2) [i.e., sgngd x7)=(-.-)I.
data. Identical results for spectra and electromagnetic transitions
Since these nuclei are undergoing a structural transition, are obtained with sgn?) ,Xézf))=(+,+). Completely dif-
dynamical symmetry approach is not suitable and numericderent resultgsee the discussion later related to the rotational
calculations are needed. The structure of the positive paritgynamical symmetry limit in Sec. lllwould be obtained if
states in the light actinides is changing from the vibrationalsgn(x$3,x{?)=(+,—) or (—,+).
to the rotational structuréthe number of bosond\g, in- This Hamiltonian has a well-defined vibrational limit,
creases from 5 to J2This type of structural change isAweII characterized by the vibrational operata?r@, ng, andny,
explained by a simple Hamiltoniaf23,24 Hg 4= €eqng and the algebraic structure of the vibrational limit is simply
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o1l o R18-2285 | 0.0051 © Ra 1 tonian of Eq.(1) used for Rn, Ra, and Th isotopic
x BRO-23Rmp x Th chains. Top: Thed-boson energy €;) and the
0.01 5 ‘ 2'0 ‘ 2'5 ' 3'0 ' a5 0.00015 : 2‘0 : 2'5 : alo ‘ 35 strength of the quadrupole-quadrupole terr) (
‘ TR : ' : TR ‘ ’ as a function ofR,,=E(4])/E(2]) showing
4/2 4/2 that for spherical nucleiR,,,~2.0) ¢4 is large
1.5 . - (~0.4 MeV) and« is small(0.005 Me\) and for
218-2220 218-228p 220232y, transitional and quadrupole deformed nuclei
o/ (R42>2.5) €4 is lower (~0.3 MeV) and « is
%\ 1.0t . T /’ & T ,.,’j:- larger(0.014 Me\j. Bottom: The energy of thp
= o 4 N /- ~o R andf bosons €, ) as a function of boson number
< A N P S Ng.
¢ 05} T RAT :
0.0 ‘
4 8 8 10 4 6 8 10 6 8 10 12
Np

054306-2



OCTUPOLE CORRELATIONS IN THE TRANSITIONA . .. PHYSICAL REVIEW C 63 054306

Exp and consequently the numbers of positiie, () and negative

218-222 —_— = .
En TBM parity (N_) bosons are separately conserved.

1
< 6* 3
T 4*
\\ 2+

9
4
%E A. Dipole-octupole vibrations

The calculations were done with the caoleTuPOLE[25].
We start the study with only ongf boson. For the parameter
choices below, we will see that this is a good approximation
of the full space calculations for the low-energy states. The
Hamiltonian parameterghree boson energies ,€,, ande;
B \\\' . and the strengtl of the quadrupole-quadrupole interaction
NN & are shown in Fig. 1. They have a smooth behavior across the
= %— region: eq4 varies from 0.38-0.42 MeV for vibrational nuclei
[R4,=E(4])/E(2;)~2.0] to 0.30 MeV for rotational nu-
clei (Ry,~3.33). The parameteks, ande; vary between 0.5
and 1.3 MeV and they behave very similar, wi slightly
higher, with a minimum folNg~8. It is worth noting that
. T r;zeg?_r this minimume,= &; and these nuclei®*?*Ra and
1~ \\ = - h) are precisely those where octupole deformation is
EE N, / t suspected to be stronges,= €; has particular significance
e - for our Hamiltonian and we will return to this issue in Sec.
Ill. The strengthx of the quadrupole-quadrupole interaction
Np has the same valu@®.014 Me\) for almost all nuclei con-
sidered in this fit except the most spherical ones where, as
one expects, the value is much small@r005 Me\j. This
€4,k behavior is consistent with the behavior seen in transi-

th duct of the ind dent h . illat laeb tional nuclei[26].
€ product of th€ independent harmonic oscilialor algebras |, rig 2 e present a comparison of the calculated

for Aeach type of boson. The rotational structure is generate&jashe@i and experimentaisolid) spectra. Here and in the
by Q2,4 The same strengti of the quadrupole interaction following figures the data are from Ref@7—43. The alter-
describes thed bosons and thpf bosons as well. This form pating parity yrast bandsk("=0; andK7=0;) for these

of the quadrupole operator treats all bosons equally. Thgansitional nuclei are very nicely reproduced. The agree-
cross term ongpdf, given by g4 Qps, provides a ment is also very good for vibrational nucleNg=5,6) in-
qguadrupole-quadrupole interaction between the positive anduding the inversion of the 1and 3~ stateqthe 3™ state is
negative parity bosons. All the terms in our Hamiltonj&g.  lower than 1 in 2%Rn[27] and ?®Ra[28] and is higher in
(1)] are diagonal in the L}3{16)DUs4(6)®Up¢(10) basis  all other nucle).
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1.0
0.81 218-222p 1 218-226p, 1 220-230
i 0.6}
[}
:f- 04} FIG. 4. Top: The effective charge, used to
0zl calculate theE1 transition rates. The othefl
' \/ parametersy(y) and x{? are presented in Fig. 3

0.0 (top). Bottom: Experimenta{symbolg and theo-
retical (continuous linesspin averaged values for
the B(E1)/B(E2) ratio. A single value fore,
was used, obtained from the fit of the known
B(E2) experimental values in these isotopes,
=0.18e b, but only a mass dependee{, pre-
10-1 | J 1 1 ] sented in the top part of the figure, reproduces the
experimental points.
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E1 transitions are studied using the one-body operator Wwith our calculations. The results withpT are represented
by the dashed line. ThE1l parameters are the same as those

ToR=e((pTd+d"pI®+x{sp+pTs]® used in calculating the branching ratios ffRa in Figs. 3
e e and 4, namelyy{;)=0,x{y = — 1.5, ande; = 0.023e fm. The
+x§LdTF+£7d]®). (3 agreement is reasonable except the staggering behavior of

the calculated matrix elements at high spins. This effect
The E1 branching ratios depend only Q(rijb)ix(dlf) and are could be a consequence.of an incomplpté content in
not dependent on the effective charge The parameters these states and, as we will see later, this could be corrected
M ) that fit the data are presented in Fig(t8p). Their by a small additional interaction, which requires the exten-

Xsp ude N
values across the three isotopic chains show a smooth evdion of the model space to mop bosons.

lution. They indicate also that the balance between the three " Fig- 6 we show the comparnson between the experi-
terms in theE1 operator in Eq(3) is different for vibra- MentalE3 matrix elements inf?®Ra with the calculations.
tional, transitional or rotational nuclei. The E3 operator is

In Fig. 3 (middle) we compare the data and the IBM
calculations  for the branching ratio B(E1;1;
—2)/B(E1;1; —0;) for different isotopic chains and in
Fig. 3 (bottom for the branching ratiosB(E1;J"—[J s+ 1s]1®). (4)
+1]7)/B(E1;J”—[J—1]%) as a function of spin for *
230.282rh |n all cases the agreement with the data is excel-
lent, including the large variation in magnitude of the
branching ratio as a function of spin f#°Th.

Another test of the model constitutes tB¢E1)/B(E2)
ratios. For theT(E2) operator we used the fullpdf form,

namely,T(E2)=e,Qspqr. The effective charge,=0.18e b

is the same for all nuclei and is obtained from the fit of all
known B(E2) experimental values. The evolution in spin of
the experimentalB(E1)/B(E2) ratios in these nuclei is
fairly constant(within errorg. Consequently, in Fig. 4bot-
tom) we compare the experimental and theoretical spin av-
eragedB(E1)/B(E2) ratios. The agreement is obtained with
a mass dependent effective charmgge presented in Fig. 4

(top). Wezznme that the quller valu_e of tlﬁf(l_El)/B(_EZ)_ [37] (symbolsg with IBM calculations with Jpf boson(dashed ling

ratio for ‘Ra compared with that in the neighboring iS0- 504 3yf bosons(continuous ling The Hamiltonian for the Bf

topes is reproduced only by considering a slightly smallefyoson calculation was obtained by adding a very small dipole-

effective charge. dipole interaction &= 0.0005 MeV [Eq. (5)] to the Hamiltonian in
The wealth of data irf**Ra[37] offers the possibility of  Eq, (1). The parameters for thg1 transition operator are the same

an extensive comparison of tfiel andE3 matrix elements. as those used to calculate the branching ratio4#Ra in Figs. 3

In Fig. 5 the experimentd1 matrix elements are compared and 4.

T(SI’E);:a)f: e3([d1?+ fm](3)+ Xé%)[pfa N dfﬁ](3)

=
[=]

[<IIM(EL)[|[J-1>] (e fm)

FIG. 5. Comparison of the experimentBll matrix elements
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,:; 5000 ;E\ 5000 In comparison with only oné boson, the addition of ong

= 4000 *Ra = 4000 *°Ra ] boson does not change the essential features of the agree-

Z oo Z o ment with the data at least for deformed nuclei ZA8rh.

n i %I ¥ Extending the basis to @ bosons does not improve the

= 2000 - 1 = 2000 S agreement either. In lighter nuclet????Ra and 22622h,

g joo] TF £ 1000 <F where theK =0, bandhead is known, thepf calculations

5 5 with the parameters in Fig. 1 predict too Idlvyy 100—200

- % 5 w % 5 o 15 keV) 0, states. However, a slight change in the parameters
J J (without keeping the same and x{? values for all non-

FIG. 6. Comparison of the experimentaB matrix elements SPherical nucleiwould improve the agreement. More data
[37] (symbol3 with 1-pf IBM calculations(dashed ling The pa- 0N K™=0" and other nonyrast states in these nuclei are nec-
rameters of theE3 operator in Eq.(4) are e;=22.6efm®, x(3  essary in order to obtain unambiguous parameters and to

=-1, x¥=o0. make possible an extensive comparison of different calcula-

tions with 1f or 1pf bosons.

Since the data oE3 matrix elements are limited t&*°Ra
it is not possible to search for a smoothly varying seEaf
parameters across the region. We present in Fig. 6 the theo-
retical E3 matrix elements obtained withy;=22.6efm?3, The calculations presented so far do not imply a dipole-
ng,)= -1, anngSf)=0. octupole deformation, i.e., with onlyplf boson in the cal-

The comparisons presented in Figs. 2—6 show that calcisulations there are no negative parity bosons in the positive
lations with 1pf boson are able to reproduce the essentiaparity states. The ground state may only have a quadrupole
features of the alternating parity bands in the light actinidegleformation and the negative parity states are built by
at least at low spin. dipole-octupole vibrations on top of this ground state. In or-

In order to see if thy boson is essential or not in describ- der to see the effect of the presencepdf bosons in the
ing the negative parity states we show in.Figa comparison positive parity yrast states, we extend the basis by allowing
of two sets of calculations corresponding48Th: One cal- three negative parity bosons. However, the Hamiltonian of
culation uses the df boson approach described in the EQ. (1) conserves separately the number sd and pf
present work and the other is d #lescription from Ref{8]. bosons. Thus the positive parity states composedpdj
Although the general pattern is similar, tbpdfcalculation components will not interact with positive parity states with
better describes the position of tk€=0; band, i.e., lower Nno pf bosons, such as the ground state band. This can be
than K7’—2+ This could be partially due to slightly differ- achieved by introducing a simple interaction which in con-
ent parameters giving rise to the positive parity states. Th&rast to the Qsd Qsd interaction, is not diagonal in the
effect on the calculateB(E1) branching ratios is presented Uspqf{16)DUg4(6)®Uy¢(10) basis and, hence, mixes the
in Table I, where a full comparison of the two calculations is positive parity states with differemtf components. This type
made with all the experimentally knowB(E1) branching of mixing could be achieved by a dipole-dipole interaction of
ratios in 22°Th. The two calculations agree with the experi- the form
mental values except those when one of the transitions is to

B. Dipole-octupole deformation

. _ At A
the K™=0, band when both sets fail to reproduce the data. Hint=aDgpqg Dspart H.C., )
w5 230y
12— 3:2
12— S:—
12+ o 2=
3=— 4
9— — 2— s . e o—
1.0 %I: 10— 4t 2t— — 3—
. . r— 10— 4
10 4 T 2 + T .
Y — . S o FIG. 7. Experimental values
[ 4t 2= 2 2t - .
= B s ot 5— — for the energies of different bands
= e e ot ] s — in 2%Th compared withspdf
?: :_’: (present work andsdf [8] calcu-
05 lations.
6 6t ot
44— 4 4=
2t 2t— 2t—
0.0! o 0t ot—
K" 0} 0 2 0 1” =2°
exp. spdf sdf
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TABLE I. B(E1;J; —J{1)/B(E1;J; —J;,) for octupole bands irf*°Th compared with calculations in

the 1pf and If limits of the IBM.

PHYSICAL REVIEW C 63 054306

K- J7 Jh 35 Exp 1pf 1f [8]
0~ 1~ 27 07 2.3214) 2.42 2.60
3" a4t 27 2.1524) 1.85 1.65
5 6, 47 2.0619 1.61 1.21
7" 8 6; 2.1224) 1.31 0.92
1- 1- 27 Ogs 0.242) 0.44 0.17
1- 2;:0; ZI 0.602) 114 2.7
3" 4y 27 0.094) 0.04 0.54
2- 2- 2;202 ZI 0.2977) 0.12 1.64
2" 27 2] 1.2(6) 38 0.9
2" 3; 2} 0.8(5) 0.3 0.8
3- a4t 25 0.31(9) 0.07 0.89
3" 2;:0; ZI =0.2 48 0.05
3 23 27 <11 0.01 18
where we added an interaction ter(B) with a very small strength,
a=0.0005 MeV, to the Hamiltonian of Eq1). The two sets
D= —2V2[pTd+d"p]®+ 5[s"p+pTs]® of calculations produce very similar yrast energies. The
n \/?[df‘.l':’_l_f‘r’a](l)) 6) B(E1) branching ratios are reproduced with the same set of

parameters values. However, the absoldte matrix ele-
is the dipole operator arising from ti@(4) dynamical sym- ments are slightly changed and the variation with spin is
metry limit, which does not conserve separately the numbemuch better reproducethe continuous line in Fig.)5Thus,
of positive and negative parity bosofik9]. the yrast structure changes modestly with an improvement of
The calculations with the new Hamiltonian obtained bythe detailed behavior of thEl transition rates at high spin.
addingH;,; to the Hamiltonian in Eq(1) and with an ex- However, the nonyrast structure is changed dramatically;
tended basigup to 3pf bosong change only slightly the The density of nonyrast states is higher and an additional
previous results. In Fig. 8 we compare the experimental enpositive parity band, labeled “3” in Fig. 8, containingp2
ergy spectrum of?®Ra with the IBM calculations with ff bosons is predicted at+0.5 MeV. This band is primarly
and 3 f bosons. In the case of three negative parity bosonsomposed of [§f)? bosons at low spin. However in the fig-

226
Ra

20} 16'— u— w— ur— FIG. 8. Comparison of the experimental spec-
trum of ??°Ra with 1pf and 3f calculations.
14— o — The first twoK™=0" bands in the pf calcula-

18 - = & — w tion are labeled “1” and “2.” In the 3 calcu-

o — lation an additionaK™=0" band of (f)? char-

ol - ) acter at low spin appears near 0.5 MeV and is
o — o labeled “3.” The levels within a band are con-
. nected via stron@®(E2) values and, as a conse-
guence, thegf) content of bands “1” and “3”
interchange neali”~ 12% (see Fig. 9.

E(MeV)
|

0.6 _ " 5 — 0*— . o*

oot ot

exp. 1pf 3pf
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ure, the bands are organized according to B€E2) to 3pf bosons does not improve the agreement. It seems that
strength. Nead~ 12%, the states in bands “1” and “3” mix more interactions must be added to the Hamiltor(inin
strongly and above 12 the (pf)? character of the wave order to describe the nonyrast states in these nuclei.
functions becomes yrast and now appears in band “1.”

Hence, the dipole-dipole interactions induged compo- lll. ROTATIONAL DYNAMICAL SYMMETRY

nents in the wave functions of the yrast states. Figure 9 As was mentioned above, the introduction of thboson
shows that the amount of negative parity bosons in yrasilong with thef boson leads to many new symmetr[d$).
states, i.e., the dipole-octupole deformation is increasing\ithough the Hamiltonian in Eq1) describes the transition
with spin with a sudden increase at spir124. The lack of  from vibrator to rotor, the presence of all terms in the calcu-
experimental data on nonyrast states prevent us to draw angtions prevents in general the appearance of a dynamical
definite conclusion about the exact contribution of the fullsymmetry. There is a notable exception: in some céses,
space relative to only @f boson. In rotational nuclei, like 2?°Ra) €p,= €;. We consider the consequencesegf €; in
239Th, where nonyrast states are known, extending the bastke rotational limit. This limit is defined by the group chain

Uspdf(16) ) Usd(e) ® Upf(lo) ) SUsd(3) ® SUpf(3) o SUspdf(g) ) Ospdf(‘?’)-
Np N N_ Nppms) (A_p-) (A ) J (7)

where the quantum numbers associated with each algebra the generators of 3) and SU+(3). In O.. we can
shown. This subalgebra conserves separately the numberag;f’ J S3) W(3). In Qsq

@=+ 7 it i

00sey +/7/2. In the decompositioli7), the choice

sd (NT) andpf (NT) bosons. e ; (2= —\S/;/Z corresponds toN( ) and prolate quadru-
A simple dynamical symmetry Hamiltonian for this rota- Xsd o+t

tional limit is pole deformation, Wh_ilexgﬂ)=+\/7/2 corresponds to the
conjugate representatiom( A . ) and oblate quadrupole de-
R B2 formation. In the IBM-1, this difference in representations is
H G_N_ KQspdf' 8) . .. . . .
indistinguishable except in the sign of the quadrupole mo-

Here e_=e,=¢;, N_=n,+n;, and Qgpqs is the quadru- ments. _ @ o

pole operator of St}y(3) [see Eq(2)]. This Hamiltonian is (2')6‘ similar behavior holds fPrXpEZ): +1 in Qps. When
similar to that used in the fits presented in Sed8¢. (1)]  Xpr = —1 we have k_u_), while y;¢'=+1 corresponds to
with a few notable exceptions. In our study, the positive(«-\-). In this case we do not have a simple geometric
parity states have a transitional structure breaking thénterpretation of the shapes.

SUs4(3) limit, so that the additional interactiogyng is re- _When we consider the spectra of 3i(3), wemust ob-
quired. For the negative parity states, the,§8) symmetry taln the allowed quantum number.s by cquplmg the represen-
is restored only in certain nuclei wheeg=e¢; . In this case taIoNS of SUy(3) to SUy(3). It is atthis point that the
the Casimir operator of 1J(10) (e,=e;) can be usedsee orderl(lg? Q\(,LZL)) or (u\) makes a difference. When we phoose
Eq. (7)] instead of breaking this symmetry to ;@)  S9NKksd Xpt)=(—,—) or (+,+), we obtain a particular
®U,(3) (e, €1), and one can still have rotational symme- Set of (). If we choose instead«,—) or (=, +) we

try for the negative parity states. As we mentioned earlier,Obta'” a different set of quantum numbers. Consequently, the

. S Lo dipole-octupole excitation built on prolate or oblate ground
there are some sign ambiguities in the definitiorQg; and states will have distinct features. The allowed ranges of these

03 quantum numbers have been recently studied by lbrahim
' [44].
®*°Ra A The spectrum of Eq(.7) is given by
=z 0.2 ’ n,
AN K. o5 3
A, EZE,N,—E[)\ +u +)\,LL+3()\+,LL)]+§KJ(J+1).
g o1 : ] 9
R ng The allowed range ofNu) is obtained from the coupling
T (\p)®(h_uo) for sgny?) x&)=(—,-), or (+,+)

5 10 15 0 5 10 15 20 or from the coupling fe N )®(\_u_) [or (Ayumy)
@(p )] for sgn(y(d x;P)=(~.+) [or (+,-)]. The
FIG. 9. Negative parity boson content in yrast states as a funcSituation sgng% :Xf)f)) =(-, _') CQWGSPOHdS to our nu-
tion of spin in ?*°Ra for the calculations with8f bosons using the merical study and we show in Fig. 10 a typical spectrum

Hamiltonian in Eqs(1) and(5). corresponding to this symmetry choice in E§) («>0).
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1.0 formed states becomes yrast and hilve=Ng (or Ng— 1 if
Ng is odd. Hence the ground state has either maxinfim
e e or N_(=Ng—N,) but not both.
e 3= Another feature of this rotational limit is that molecular
o bands (0°,17,27,37, ...) canonly occur by accident. For
_ s example, interleaving dipole-octupole deforméd™=0"
% = (N_=2) and K™=0" (N_=3) bands will occur ife_
§ 05T =k(2Ng+4). In Fig. 10 this would correspond to adjusting
— the energy of the leftmost and rightmost bands so that they
r— 5__ v interleave. This correction changes =0.4 MeV (used in
S the figurg to e_=0.31 MeV. But, as we mentioned earlier,
?:: this does not change the octupole character of the bands.
44—
0.0 o IV. CONCLUSION
A=2(Np—3)+9 2(Np—2)+3 2(Nz—2)+3 2N; 2Ny—4 2Ng—4 2(Ng—2)+6
. . : . : : . We obtained a consistent picture over the entire nuclear

region of the light actinides using a simple Hamiltonian in
FIG. 10. Spectra of the SYy(3) Hamiltonian[Eg. (9)] for  the spdf space of the IBM. The structure of the low-lying
Ng=9 (e-=0.4 MeV, x=0.014 MeV). The quantum numbers states are found to have at mogtflboson, which is equiva-
N_, \, andu are given for each band. lent to the lack of ground state dipole-octupole deformation.
However, the behavior dE1 matrix elements irf?Ra for
Here the quantum numbera £), N_, andJ™ are all indi-  J=12% shows that the octupole correlations increase with
cated. One immediate observation is that the ground state &pin and at a medium spinJ<12%) there is an onset of

not dipole-octupole deformed sindé_ = 0. Rather, this dipole-octupole deformation in agreement with a phenom-
deformation N_=2) sets in at higher excitation energy enological analysi$45]. It appears that in the ground state
given byAE=2€_—«(4N+5). these nuclei are soft against dipole-octupole deformation but

In general, the Hamiltonia(B) allows ground state quad- rotation stabilizes the dipole-octupole deformation.
rupole deformation{l, >0) or ground state octupole defor-
mation (N_>0) but not both. The reason is as follows: For
e_>0, the lowest energy band will have (u)=(2Ng,0)
and describes states with_. =0 andN,=Ng. The states Valuable discussions with Rick Casten are gratefully ac-
with  maximum octupole deformation, Nfx)=(3Ng,0), knowledged. This work was supported by the U.S. DOE
whereN_=Ng are higher in the spectra due to the energyGrant Nos. DE-FG02-91ER-40609 and DE-FG02-88ER-
offset e_N_. Whene_—0, these maximally octupole de- 40417.
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