PHYSICAL REVIEW C 67, 014305 (2003

Octupole correlations in U and Pu nuclei

N. V. Zamfirt?3 and Dimitri Kusnezo{
Wright Nuclear Structure Laboratory, Yale University, New Haven, Connecticut 06520-8124
2Clark University, Worcester, Massachusetts 01610
3National Institute for Physics and Nuclear Engineering, Bucharest-Magurele, Romania
4Center for Theoretical Physics, Sloane Physics Laboratory, Yale University, New Haven, Connecticut 06520-8120
(Received 11 September 2002; published 17 January)2003

We study the even-even U and Pu nuclei in the framework o§ fhéf interacting boson model. Analysis of
the systematics of positive and negative parity bands, together withth&2, andE3 transitions, suggests
that the properties of low-lying states can be understood without the introduction of stable octupole deforma-
tion. Double octupole phonon characteristics are also identified in certain low-lyingx@ited states in U
and Pu.
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I. INTRODUCTION values of angular momentum. In tisel f model, onlyf(L™
=37) bosons are us€d,21,23, while in thespdf model,
Octupole correlations in the actinides have attracted interbothf andp(L™=1") bosons are include@ee, for example,
est since the predictions that octupole deformation would b&ef. [5], and references therginThe spdf is the preferred
present in theZ~88 andN~ 134 region[1]. These predic- model since it is closer in spirit to thed IBM, including the
tions have been explored through a series of experimentalame dynamical symmetry limits as well as the possibility of
studies, which have centered on energy spectra and transitiaetupole deformation.
properties[2]. Numerous theoretical studies were dedicated We are interested in studying the behavior of negative
over the years to the octupole degree of freedom in nuclgparity states in a region of large quadrupole deformation very
[2,3]. A suitable and versatile model for the description ofclose to the Si(3) limit. This requires a minimal Hamil-
quadrupole-octupole collective degrees of freedom in eventonian to include a vibrational contribution and a quadrupole
even nuclei is the interacting boson modBM) [4]. Re- interaction. The simplest form of such a Hamiltonian for

cently, an extensive study of the collective negative parityyositive parity states i = egng— «Qqg- Qsq. The natural
states in the even-even Ra-Th nuclei was compléf§dn  extension of this Hamiltonian to describe both positive and

the framework of thespdfIBM [6]. In that study, a consis- negative parity states simultaneously is realized insthe f
tent picture was obtained over the entire nuclear region of thgygdel as

light actinides using a minimal Hamiltonian. The aim of this
work is to extend that analysis to U and Pu nuclei, providing ) . ) ) )
a consistent view of the systematics of the even and odd H=e€gng+ €,np+ €Nt — kQspar Qspars (2)
parity states fronz=86 to Z=94.

We will examine the full systematics of all available data A
on energies and electromagnetic transitions. The data atéheree,, g, ande; are the boson energies angl ny, and
from Refs.[7-19]. The full spdfIBM Hamiltonian contains n; are the boson number operators. This is the same Hamil-
over 50 interaction terms, however, simple physical considtonian used to describe the transitional actinides in Ff.
erations can reduce the form of the Hamiltontari20]. We =~ Thespdfmodel space admits a Sk4«3) limit which is the
will use a four parameter model fdf, which includes a natural extension of the Si(3) limit of the sd IBM. In the
single quadrupole strength and three boson single particlepdf model, the quadrupole operator is given by
energies. The form of the Hamiltonian and transition opera-
tors are further constrained by the recent analysis of the Rn,
Ra, and Th nuclei. We would like to see whether octupole Ocrgi=Ougt On=[s"d+d's]— \/_7[d1-‘a](2)+ ﬂ
deformation is an essential ingredient in the understanding of <sPdf™ ~<sd™ <pf 2
the nuclei in this mass region.

- 93 .- 3J42
><[|0Tf+f*p](2)—1—0[p*p](2)——10 [

IIl. spdf INTERACTING BOSON MODEL
@

The interacting boson model offers a phenomenological
approach of collective nuclear structure by introducing
bosons of a given spin, which are associated with the correfhis is related to the Casimir operator of the Gk{(3) sub-
sponding multipole modes. The quadrupole vibrations andjroup. Note that the same strengthof the quadrupole in-
deformations are described in terms of interactingndd  teraction describes thed bosons and thef bosons.
bosons withL™=0" and L™=2", respectively. Negative The transition operator§(E1), T(E2), andT(E3) are
parity states are described by introducing bosons with oddiot all defined from dynamical symmetry considerations, so
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that there is some freedom in their form. We will take all to N=164, which was proposg@4] to be a spherical sub-
these operators to be one-body operators. WhileT{te2) shell closure, in addition to the major shell closuresNat
operator has five terms, we use the quadrupole operator 126 and 184. To simplify the numerical diagonalizations,
above, which fixes the parameters, aside from the effectiveve will use a truncated basis allowing only opé boson
charge: (Npi=1). We will verify that for the parameter choices be-
R low, this is a good approximation of the full space calcula-
T(E2)=e,Qspqt- (3)  tions for the low-energy states. Extending the basis, by al-
lowing up to threepf bosons Ny=3), the predicted
El transitions are studied using the three term, one-bodgroperties of the states discussed here remain practically un-

operator: changed. The only exception is the appearance of an addi-
tional low-lying K=0" excitation, which has a double octu-
£ ~ _ . pole phonon character. The comparison of the truncation to
TS d=e([(pd+d"p1 M+ x (D s"p+pTs]® the full calculations has already been examined in IRe¥.
~ for this Hamiltonian.
+x¥rd +£d1W) (4)
I1l. DISCUSSION
and similarly, theE3 operator is A. Energy spectra
Consider first the experimentdd"=0, and K™=0;
~ 4~ ~ ~ bands in U and Pu. These are shown in Fidgsdlid lines.
(E3) _ b TAH1(3) B)rnt TR1(3) i ; 7
Tspar=€a([d T+ 1]+ xpdlp'd+d'p] One can see an interesting structural change Neat42 in
+X(53;)[ST?+ £15]3)). 5) U and neaN=146 in Pu. Unfortunately, there is no data in

U beyondN=146 or Pu nealN=142 to see if analogous

Since we are interested in the global systematics of the adtructural changes are present in each isotopic chain. The
tinides, the recent study & =86-90 nuclei will constrain Minimum observed in the negative parity stateblat146 in
these transition operator parameters. ForEieandE3, we ~ PU and possibly in U has been interpreted as an evidence for
will further attempt to use the minimal number of terms INcréased octupole correlatiof5]. What is more striking in
when possible, consistent with the lighter actinides. In thidhis figure, is the correlation of the structural changes in the
study, the parametrization is kept as simple as possible ar{&egatlve parity states with subtle changes in the positive par-
no attempt of fine tuning is made. sta\_tes. This effect is not. readily seen in thée gtate sys-

The calculations are done with the codeTuPoLE [23]. tematlcs. One must go to higher spin, such &5, 10 see the
The total boson numbefdg are calculated in the usual way, €ffeCt. A second minimum can be seen in the U isotopic

except that the neutron boson numbers are counted relati1@in, where the energy is rapidly decreasing with the de-
creasing neutron number towands= 132. (Such a minimum

LS50  sao-z3e is seen in the Ra and Th isotogesd.) This is in agreement
U with the prediction that the lowest octupole excitation should
. 22 . .
- & be in 224U,3, wh]ch is, supposedly, the most octupole de-
o Lof formed nucleus in its ground staft2].
i == = 10* In Fig. 1, we also present thepdf IBM calculations
= S (dashedl for the K™=0; and K™=0; bands. Of the four
' . Hamiltonian parameterssy and « are essentially constant,
e ————————
e ———— e ——— +
0.0 i S ————— g+ 1 N 1 " N 20 T T T T T T T
U N: 138 140 142 144 146 138 140 142 144 146 230—238U 238—2441:,
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il 238-244 = 7 to / d ’ T~
Pu P v ,:; , .
= =% ¥ < o
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FIG. 1. Experimenta(continuous linesand calculateddashed
lines energies for theK™=0;,0; bands in 2202%y and FIG. 2. The energy of the andf bosons €, ) used in the
238-244p present calculations.
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FIG. 3. Comparison of experimental band structuré¥h?% and 24%24%u with N,;=1 calculations.

since these are determined from the positive parity states. We The experimental minimum in excitation energy of the
find 4=0.25 MeV andk=0.012 MeV forNg=11-13 and K=0; band atN=146 occurs at different energies in U and
0.013 MeV forNg=14,15. These values are similar to thosePu. In the Hamiltonianey, e;, and « have the same values
in the Ra-Th regior{5]. The negative parity states, on the in both nuclei; the difference in energies of this minimum is
other hand, undergo a more dramatic evolution with bosormttributed toe,, which is larger in U than in Pu.

number. The parameteeg ande;, shown in Fig. 2, have a  Beyond theK =0; bands shown in Fig. 1, the experimen-
smooth behaviore; can be seen to follow the evolution of ta] sjtuation is not so clear. The next lowest bandi#?3U

the excitation energy of the lowest Istate. FONg=<13, we  gnd23824py isk =1". In 23% and 2*’Pu, no data are avail-
observe thate,~ e, a condition which brings the Hamil- gple. In 23223y, the next lowest band is claimed to be
tonian close to the S{Jq{(3) dynamical symmetry limit. In =2 [8,9], while in 2*?Pu, it is claimed to b& =3~ [12]. In
that limit, it is possible to realize low-lying octupole defor- contrast, in our calculations, the next lowest ban# is1~
mation for certain values of the parametgs§ However, for  for all U and Pu isotopes in this study. Based on the experi-
the present study, such states are not present. mental systematics, and on the IBM results, we suggest that
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1 parameter set, i&=0, or 0 band. A small dipole-dipole inter-
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action is included in the Hamiltonian to produce nonz8{(d?2)
transition strengths from th&k=0" band based primarily oMl ¢
=2 components in the ground state band.
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FIG. 4. Comparison of the experimental yra3tE2) values ) -
(symbol$ with Ny;=1 IBM calculations(continuous ling. The E2 B. Electromagnetic transitions

operator is given in E¢(3) and the effective charge,=0.16eb. The experimental situation for transitions is quite good.
There are many measurements of absolBfgE2) and
B(E3) transitions as well as some selectB(E1) rates.

thoseK=2" and K=3~ bands are in facKk=1" bands, This provides a more stringent test on the wave functions

with the lowest states experimentally missing. In Fig. 3, weobtained above.

show detailed comparisons of the experimental level B(E2;2; —0;) transition rates for all the U and Pu iso-

schemes 0f23423%) and 24024py with the calculations. topes are presented in Fig. 4, together with B{&2;J*

These are representative of all the isotopes studied. The over=(J—2)*] values for the ground state band iU and

all agreement is quite good. The yrast bakds0} andk  >>U. Using the transition operatdB) leaves one free pa-

—0; and the first excitek =0* andK=1" bands are re- rameter, the effective charge. The effective chame

produced very well, but the bandK =27 is typically pre- =0.16eb is taken to be the same for all nuclei. This is

. . . ; similar to the valuee,=0.18eb used in the Ra-Th region.
cj|cted tobe 0.1-0.2 Mev h|gher. A slightly different form of One can see that the transition rates are well described with-
Qqq [xsq lower than—\7/2 in Eq. (2)] could be used to

out variation of transition operator parameteiB(E2)
improve the agreement. However, for simplicity, we havebranchmg ratios for thes bands K =2 +) are shown in Fig.
taken this to be fixed at its S(3) value. 5. We choose the ratiB(E2;2, —4; )/B(E2 2,—0;) for
comparison because it does not concern tfje»Zl transi-
tion, which could introduce unknowll 1-E2 mixing ratios.
The agreement is reasonably good. The difference in the

;:0.3 . .

7 ket A I trends for U could be accounted for with the same change in
4+ a4 U TP A . .

N " Qq discussed above for thg-band energies.

g"'z' 1 ] For the current set of Hamiltonian parameters, there is no
= I difference in theB(E2) transition rates if we use thed

Yo1 x % S 1 truncation of theE2 operator,Q.q4 or the full spdf form,

w5 Qspat- We have examined the calculations in whibh;

So0 =2 components are present in the basis states. These com-
m

138 140 142 144 146 144 146 148 150 binations ofp andf bosons in the positive parity states can
N N contribute to the low-lying wave functions. However, they
FIG. 5. Comparison of the experimenB(E2) branching ratios ~ do not noticeably modify the results we present here. Hence,
(symbolg from the 2 state with theN,;=1 IBM calculations ~ contributions from possible deformed states are not signifi-
(continuous lines cant in these observables.
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FIG. 7. Top: The parametepélp) and y{¥ of
the T(E1) operator of Eq(4). Middle: Experi-
mental (symbolg and theoretical (continuous
lines) B(E1) branching ratio from I states. Bot-

tom: Similar to the middle panels but f&(E1)
branching ratios fromd=1" states for?3® and
24%Pu. The dashed lines show the predictions of

232238y =aB-242p,
e T Xop T Xep
__________ Xat T T T T T T T Xar
232-238(; ”38-242p )
—— s
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N N
238y 0,

the calculations witiNy¢ up to 3.

are much higher in energy than the experiméi6-1.0

of the K=O§r band has an erratic behavior with changes ofMeV; see Fig. 6 bottom We will see in the following sec-
more than one order of magnitude from one nucleus to th&on that by extending the basis 9,;=2 in the positive
next, despite the smooth evolution of the excitation energyarity states, the agreement is improved due to the presence

with the boson numbeX. Figure 6(top) shows that the IBM

calculations predict a ratio of 5. Figure 6(bottom shows

that they reproduce the excitation energy of the State
reasonably well. However, the;Ostates, where they are
known experimentally, are very close in energy to the 0
states. In contrast, the predictegl States in théN =0 basis

tions.
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FIG. 8. ExperimentaB(E1)/B(E2) branching ratios ir?3U
and 2*%u compared with the predictions of ti\,;=1 calcula-

of additional octupole two-phonon states.
TheE1 branching ratios depend only af}), x{?
not dependent on the effective charge The parameters

1
Xgp) 1Xdf

Their values show a smooth evolution, and are similar to
those used to describe the transitional actini@sin Fig. 7
(middle) we compare the data and the IBM calculations for
the branching rati®(E1;1; —2;)/B(E1;1; —0;) and in
Fig. 7 (bottom for the branching ratiosB[E1;J” —(J
+1)"1/B[E1;J-—(J—1)"], as a function of spin. The
data are from Ref§8-12,15,18 In all cases the agreement
with the data is excellent. In contrast to the transitional ac-
tinides, there is little absolutB(E1) data, so that more pre-
cise tests of theel operator on theA dependence of the
effective charge and on the basl¥{) are not possible. The

and are

(W which fit the data are presented in Fig.(top).
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=0.016efm, leads to the prediction of the absolute
B(E1:0{ —1;7) strength in Fig. 9. The strength near 3 MeV
is associated with thp boson. In Fig. 10, we compile abso-
lute B(E1), B(E2), andB(E3) data for first three 3 states

in 2%. The parameters for thE1l andE2 operators have
been presented above, while for 8 operator, we use the
parameterg;=0.26eb>?, x3)=—1, andyx(Y=0. In gen-

eral, the agreement is good for the first two 8tates, 3_,

and 3;_,, and not so good for the third 3state, 3_,. The
data and calculations in the lower panel of Fig. 10 are essen-
tially unchanged for?®4#23¢, and are not shown. ThE3
effective charge also provides a reasonable description of the
known B(E3;0; —3,_,) in the Pu isotopes.

IV. DOUBLE OCTUPOLE /DIPOLE STATES

The comparisons presented in the preceding section show
that calculations witiN,;=1 are able to reproduce the es-
sential features of thek=0;,0,,2;,0;,1;, and Z
bands. However, not all excited"Obands are reproduced in
theN,¢=1 calculations presented abotgee Fig. 6. In 33U
the 0; and 0; band heads lie very close in energy: at 926
keV and 997 ke\[19,26]. These 0 bands are also known in
other nuclei studied here: iF*U at 691 keV and 927 keV
[8,17], in 23U at 845 keV and 1044 ke}9,17], and in%*%Pu
the two states appear at 861 and 1089 Kd¥]. It was
pointed out in Ref[19] that the two excited bands are widely
different in structure. For example, theray branching ratio
B(EZ;ZS:—>4I)/B(E2;28:—>OI) is larger by one order of

availableE1/E2 branching ratios are shown in Fig. 8. The magnitude for § band as compared with the{ Gband.

spin dependence demonstrates a saturation, which is not re- It was shown in Ref[5] that by extending the basis to

produced by the calculations.
Using theE1 operator effective charge fof*®U deter-

mined from the B(E1)/B(E2) branching

2

E(MeV)

v}

K" 0%

232
U
18—

13—

14—
11—

12t—

=

gt —

(i

10—

B‘t_.

8t—

4t—
t
e

0; 03 25

exp.

0

i

18—

14—

12t—

10—

[

4t

2t—

ratios, e;

12—

10—

8t—

gt—

42—

2t—
ot—
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FIG. 11. Comparison of the experimental spectrunt8f with Np¢=1 andN,;=3 calculations. In the calculation witi,; up to 3 an
additionalK™=0" band ofNp¢=2 character at low spin appears near 1 MeV and becomes yrardfriedi0f:.
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states. When the basis is extended beypg=1, one finds  of N,;=2 has a different moment of inertia than those com-
new bands which appear at higher excitation energies. Thgosed ofN,;=0. This is illustrated in Fig. 11 where the
lowest of these is a new excitdt=0" band at~1 MeV,  experimental spectrum of*U is compared with theN;
very close in energy to th€=0, band in theN,;=1 cal- =1 andNy;=3 calculations. In the calculation witk; up
culation. This is indicated in Fig. 6. Moreover, in some casedo 3 an additionaK”=0" band ofN,(=2 character at low
(330,2%82%py), thisN,;=2 band is thek=0; band. As spin appears near 1 MeV and becomes yrare n¥ar
seen in the figure, th€=0; band can have eithét,;=0 or ~ ~10%. _ _
N,¢=2 character, depending on the detailed parametrizati0n30|23;523W0rth noting that the cases whegp,=e¢¢, ie.,
of the Hamiltonian. They are so close in energy that a smalf°>>?**** and **%Pu, are very close to the Sh{(3) dy-
change in the parameters will produce their inversion in exhamical symmetry{20] similar to **Ra discussed in Ref.
citation energy. [5]. The Hamiltonian for this rotational limit is

These twoK=0" bands can be distinguished by their
decay patterns, which are very different. The Hamiltonian . -
conserves separately the number of positigd) (and nega- H=e_N_—«kQgpqr- (6)
tive (pf) parity bosons. Hence, the states wily;=0 are
not affected by extending the basis and the new states that . A . _
haveN,;=2 components appear, and there is no interactiofiere e =€,=¢, N_=n,+n¢, and Qspg; is the quadru-
between them. Thé&2 operator of Eq.(3) will give no  Pole operator of Sk}, 3) [see Eq(2)]. This Hamiltonian is
strength for the transitions between the positive parity state§imilar to that used in the fits presented in SedH¢. (1)]
based on theNy¢=2 configuration and the positive parity with the notable exception that in our studyn breaks the
states withN,;=0 and, consequently, for the new band SUs4(3) limit, while retaining the rotational symmetry for
B(E2;23pfa41+)/B(E2;2§pr01+)=0. Certainly, a simple the negative parity states.
interaction which mixes the positive parity states with differ-
ent pf components will induce nonzer&2 transition V. CONCLUSIONS
strength. A dipole-dipole interaction is an example of such a
term[20]. Using the same strength for this interaction as theo
one used in Ref.5] to explain the data in the transitional Ra
nuclei (i.e., 0.0005 MeV, nonzero values for this ratio are states is found to have at masg,;=1, which is equivalent

obtained(see Fig. 6 The interaction is sufficiently small S0, e |ack of ground state dipole-octupole deformation.
that the properties of the positive parity states based PIiM3 o vever, the existence of a low-lying =0" state could

rily on Npr=0 components remain unchanged. In fact a"indicate the presence of double octupole/dipole states. Octu-

prtlaldlctlor;]s Obt?j'nt?d W'tN'af.Zl Ealt;)ulapons rltlemaln pract- - e deformation is not a necessary consequence of the ex-
cally unchanged by extending the basis to allow more negaserimental systematics in this region.

tive parity bosons N,=3). The changes are illustrated by

the dashed lines in Figs. 7 and 10. Similarly in Fig. 9, the

presence of more complex configuratiom§,>1) does not

modify the E1 strength distribution. Work supported by the USDOE by Grants Nos. DE-
As was mentioned in Ref5], theK=0" band composed FG02-91ER-40609 and DE-FG02-88ER-40417.

We obtained a consistent picture over the entire nuclear
gion of the deformed actinides using a simple Hamiltonian
in thespdf space of the IBM. The structure of the low-lying
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