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Parity splitting in the alternating parity bands of some actinide nuclei
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An angular momentum dependence of the parity splitting in the alternating parity bands of nuclei with strong
octupole correlations is considered based on the model of the octupole motion in a one-dimensional potential
well conserving axial symmetry. A sign reversal of the parity splitting at higher values of the angular momen-
tum is interpreted as a result of the Coriolis couplingte 1 octupole mode. Experimental data on the spectra
of the alternating parity octupole bands are ug&f556-28139)02312-2

PACS numbed(s): 21.10.Re, 21.60.Ev, 27.96b

[. INTRODUCTION by us in Refs[4-6] for the angular momentum range avail-
able at that time. In the present paper we shall apply the
The presence of strong octupole correlations in nuclei ignodel to the description of the new data of the Liverpool
reflected in a significant lowering of the excitation energiesgroup. We will show also how to generalize the model to
of the negative parity states. This phenomena was observeédcorporate the effect of the sign reversal of the parity split-
in different nuclei[1,2]. Among them are??222422Ra and  ting. As was discussed in Refgl—6], the behavior of the
224,2261h isotopes which are considered as rotating octupoleparity splitting from low to moderate values bfwhere the
deformed systems. In these nuclei low-lying negative parityeffect is largest, can be explained in the framework of the
states form the alternating parity bands together with théne-dimensional model of the octupole motion conserving
low-lying positive-parity states connected via strofd axial symmetry. We will show below that the smaller effect
transitions. It is known that such rotational bands with ~ of the negative parity splitting can be explained by Coriolis
=0%,17,2%,... exist in molecules. However, in nuclei in coupling of the negative parity states of tie=0 band to the
contrast to molecules these bands are disturbed: the negativectupole modes wittK #0.
parity states are shifted up in energy with respect to the The model developed below is a phenomenological
positive-parity states. Especially interesting is the angulamodel. In principle, parity splitting can be obtained naturally
momentum dependence of this parity splitting. At the begin-n the framework of the microscopic models with parity pro-
ning of the rotational band the positive- and negative-parityection. For example, see the work by the Madrid grpig,
states are split in energy by several hundreds of KeV. Eveivhich employ self-consistent mean field approach with par-
in octupole-deformed nuclei the parity splitting is 200—300ity projection.
KeV. At higher values of the angular momentum the parity
splitting decreases and the energies of b(_)th positive- and Il. DOUBLE MINIMUM POTENTIAL MODEL
negative-parity states start to have approximately the rota-
tional angular momentum dependence appropriate # a  To explain the angular momentum dependence of the par-
=0 band. Thus a unified alternating parity band is forming,ity splitting at low| the following model has been suggested
however, not perfectly. Namely, at some value of the angulain [4—6]. It was assumed that at low to moderate angular
momentum the parity splitting changes sign and themomenta the parity splitting is connected with the octupole
negative-parity states are lowered slightly below themotion in a one-dimensional potential well depending on the
positive-parity states. This effect is, however, 5-10 timescollective variableaz, which describes the axially symmetric
smaller than the positive parity splitting observed at the beoctupole deformation. In nuclei with sufficiently strong oc-
ginning of the rotational band. With further increase of thetupole correlations or in octupole-deformed nuclei this po-
angular momentum the value of this negative parity splittingtential has two minima which are symmetrically located at
decreases. Thus there are two different effects connectgabsitive and negative values @f,. The two minima are
with parity splitting which manifest in the different ranges of separated by the barrier and the transition frequency corre-
the angular momentum scale. The large positive parity splitsponds to the parity splitting in the alternating parity bands.
ting at low angular momentum decreases with angular moThe height of the barrier depends on the angular momentum
mentum where as the negative parity splitting which is 5—10via a rotational energy termi€/23)1(1+1). Due to depen-
times smaller than the positive parity splitting appears atlence of the moment of inertia on the octupole deformation
higher values of the angular momentum. To see both effectgarameterasy [7—11 the effective barrier height between
it is important to have the experimental data on bothtwo minima increases with angular momentuproportional
positive- and negative-parity rotational states up to suffi4o I(1+1) thus decreasing the probability of the barrier pen-
ciently high values of the angular momentumBeautiful  etration. As a result the octupole deformation stabilizes and
data of this kind have been obtained recently by the Liverthe parity splitting goes to zero. For physically reasonable
pool group[3]. The positive parity splitting was quantita- shapes of the octupole potential it was shown that the parity
tively interpreted in the framework of the model developedsplitting can be quite well described as an exponentially de-
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creasing function of the barrier height. This result has beethis it follows that the Coriolis matrix elements are larger for
exploited to parametrize the angular momentum dependenaad angular momenta states. For very laxgéstrong octu-
of the parity splittingAE(l) (this quantity was introduced at pole deformatiojpthis difference goes to zero.

first in Ref.[8]) in a simple fashion: For the intrinsic states witlK=1 we use by analogy to
Eq. (3) the following expression:
NET) =AEOjexy] — ) 1
(I)=AE(0)ex Tilor D)) (1) 1

|m=(-1)' K=1)=

v2[exp %) —(—1)'exp(—\?)]

(In the previous pape6], the notationJ, has been used,

however, instead dfy.) This formula has been suggested in X[expAbg) —(—1)'

Ref.[5]. It contains two parameters and describes a smooth R

decrease of the parity splitting without changing of the sign X exp(—Nbgo) 13 0). 5
of AE(l).

The Coriolis interaction has a standard form

[ll. CORIOLIS COUPLING TO THE INTRINSIC STATE

2
WITH K7=1" h

HCorioIis:_z_j(J+|—+J—|+)v (6)
The importance of the band coupling effect for the de-
scription of the rotational alternating parity band was dis-
cussed in Ref[9]. In this section we consider phenomeno-
logically a possible effect of the Coriolis coupling of the
K™=0" and K™=1" states. To do this we must have a = +
model for the intrinsic state wave functions. A suitable for- I ; (KF L3 [KObgc b .
malism is the coherent state methd®,13. To use it we
introduce at first creation and annihilation operators of thdt was suggested by Bohr and Mottelsdm] to use the fol-
intrinsic phonons lowing expression for the matrix eleme(+1|J,|K) in
the case of the octupole excitations:

where

age~ (b3ptbgo). (2

(K+1|3,|K)=V(3—K)(3+K+1). (8
The intrinsic wave functions of th&=0 states with even
angular momentunipositive parity and odd angular mo- e will take, however,
mentum(negative parity have different parities with respect
to reflection. We will take the following expressions for n _ — TKT
thor: (K+13.]K)=(Jo—K) (Jo+ K+1) ©

consideringly as a free parameter. Howevép=<3.

—(—1 K=0)= 1 Consider now a Coriolis coupling of thk=0 and K
V2[expA?)+(—1)'exp(—\?)] =1 states for different angular momenta. In accordance with
N | the arguments in Sec. Il the odldK =0 stateq3) are shifted
X[exp(Nbgg) +(—1) up in energy with respect to the evénK =0 states by an
X exp(—\bi)10), 3) amount of energyAE(l) (1). We will assume that th&

=1 phonon has an energy. In the nuclei considered below

whereb,g0)=0. In Eq.(3) the parametek is proportional @ iS much larger thadE, however.
to the octupole deformation parameter. Whegoes to zero For every value of the angular momentum we have two
we get states: one wittK=0 (3) and other WIthK=,_]£)/). Their
energies are as follows: 0 fd¢=0 and w+AE(l) for K
|m=+1K=0)—|0), =1 and even angular momen(ositive parity, andAE(1)
for K=0 andw for K=1 and odd angular momentaega-
|m=—1K=0)—b30). (4)  tive parity). Then, considering a Coriolis interaction of the
K=0 andK=1 states for different we have the following
Thus we get the limit of the harmonic octupole vibrations. Itenergy differences between mixing statest AE(l) if | is
is seen that the stat€3) with even and odd have a different  even anch)—ZE(I-j if 1 is odd. Thus the energy denomina-
parity with respect to theaz,— —ag, reflection, i.e., with  tors for the Coriolis mixing are somewhat smaller for odd
respect to théo,— — b3, transformation. It is easy to check angular momenta compared to the even angular momenta.
and it is seen already from the lim{@) that odd angular As a result the Coriolis coupling becomes somewhat more
momenta states have a larger average number oKth@ strong for odd angular momenta states. This effect is similar
octupole phonons than even angular momenta states. This that found for odd nucldil5,16 where it explains a dif-
circumstance is important for the consideration below. Fronference in the parity splitting in evel and oddA nuclei.
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Consider now the matrix elements of the Coriolis interac-states relative to the evdnstates, i.e., sign reversal of the
tion (6) between theK=0 (3) and K=1 (5) states. The parity splitting at the large values df when the Coriolis
square of this matrix element is proportional to an averagénteraction becomes strong.
number of thebs, phonons in the corresponding states. As it \when the octupole deformation is stabilizAE(T) goes
is discussed above in this section the odd angular momentg zero, the difference in the Coriolis matrix elements for odd
states have a larger number of thg, phonons than even nqd even states goes to zero as shown in EtR) and we
angular momenta states. Therefore the Coriolis interactioget an alternating parity band without staggering.
matrix elements are larger for odd angular momenta than for | ot s introduce a quantitxE,(1), which describes par-

even angular momenta states. Toggther with the SomeW.hﬂi/ splitting in the ground state alternating parity band and, in
less important fact that the energy differences between mix-

ing states are somewhat larger for the ddstates it means contrast toAE(l), includes both barrier penetration and Co-

that the oddl states of the alternating parity band will be M0lis mixing effects. Using the standard formulas for the
shifted down more than the evanstates. This effect can tWo-level mixing we get the following expression for
explain the observed lowering of the otidnegative-parity ~ AEwn(l):

AE( — (V)[F2(1)~F2(1)]

AEw(1)= —— —— , (10
VEL+AEM 0)2+ (Uo?)F2 (1) + 2 (1- AE() 0)2+ (Ue?)F2 (1)
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FIG. 1. Comparison of the experimentaE,, (1) and calcu- |
latedAE,(1) values of the parity splitting fof?Ra. The results of
calculations obtained with the common attenuation factor for all  FIG. 2. Comparison of the experimentaE,,l) and calcu-
considered nuclei4E,,, x=0.33) are shown in addition. The fit lated AE,,(1) values of the parity splitting fo>Ra. The fit pa-
parameters are given in Table |. The experimental data are takeameters are given in Table |. The experimental data are taken from
from Ref.[3]. Ref. [3].
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FIG. 3. The same as in Fig. 2 but féf’Ra. The experimental FIG. 4. The same as in Fig. 1 but f8f°Ra. The experimental
data are taken from Reff3]. data are taken from Reff18].

where Now the expressior{10) for the parity splitting which
1(52\2 includes the effects of the barrier penetration and of the Co-

F2()==|— DI+ (). 11 rlqhs mixing with the Kz; octupole V|.brat|.ons is deter-
=(D ( ”) o(Jo+ DI+ D)n(1) e mined completely. It contains the following five parameters:

A"E (0), Io, (h213)\I5(Jo+1), @, andn. In the following
The quantityAE(T) introduced in the preceding section in- section we will take two of these parameters, namelgnd

cludes only an effect of the barrier penetration. Heren to be fixed for all considered nuclei. In some nuclei the
n.(1) [n_(1)] is an average number of th€=0 octupole  vajue ofw is known.

bosons in thd even(odd states. Using the coherent states
introduced above and the Hamiltonian expressed in terms of
theb3,,b3o boson operators describing axially symmetric oc-
tupole motion and having a potential energy term with two  Since positive- and negative-parity states have different

0CtUp0|e -deformed minima we can show numerlca"y thatangu|ar momente(even and odd, Correspond|ng|par|ty
when octupole deformation becomes relatively stable the folspitting can be determined only by interpolation of the ex-

IV. DESCRIPTION OF THE EXPERIMENTAL DATA

lowing approximate expressions for. (1) can be used: perimental energies of the positive-parity states to odd angu-
—_—b lar momentum and vice versa. Based only on the experimen-
Den| 1— AE(1) tal energies we have used the following formula to determine
n.(h=n ’A?(ﬁ’) experimental parity splitting:
U} WU (2
n_(l)= +n| 1—| —— (12 AEexp(I):(_l) E[Eexp(l+1)_2Eexp(|)+Eexp(|_1)]
(0) AE(0)
1
with b=0.15-0.25. The results shown below are obtained — §[Eexp(l +2) = 2Eex(1) + Eex(1 —2)]
with b=0.15. However, wheb=0.25 that fit is not changed
essentially. In Eq(12) n is a parameter depending on the (13
parameters of the Hamiltonian We note that as follows from
Egs.(100—(12) AE(1)—0 if AE(I)—>O if 1=2, and
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FIG. 5. The same as in Fig. 2 but f8#*Th. The experimental
data are taken from Refg19] and[20].

1
AEexp(]-) = E[Eexp(z) - ZEeXp(l)]

1
- g[Eexp(4)_2Eexp(3)] (14)

for I =1. We note that this formula differs slightly from the
formula for AE¢, (1) which was used in Eq6). The quality
of this formula can be verified by subtractidde (1) from
the experimental energids,, (1):

1
Eav(I)EEexp(|)+E(_l)IAEexp(l)- (15)

The resulting functiore,, (1) should be a smooth function of
I. We have calculateét,, (1) for all considered nuclei and
found thatE,, (1) is really a smooth function df.

We consider the following nuclei??0222:224234 and
222.224Th - The data are taken from Ref8] and[18-21].
The experimental splittind\ E,, (1) is shown in Figs. 1-6.
It is compared to the theoretical splittingE;,(I) obtained
from Egs.(10)—(12). In calculatingAE,(1) we note that the
value ofw is known for ?*Ra (1053 Ke\) and %*®Ra (1048
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FIG. 6. The same as in Fig. 2 but f8f°Th. The experimental
data are taken from Refg3] and[21].

Thus to fit the experimental spectra we use three parameters

for every nucleus, namely, KE\((_)/) lo, and
(h2123)Io(Jp+1).

The results of the fit of the angular momentum depen-
dence of the parity splittind E,,(1) are shown in Figs. 1—6.
The parameters used in the fit are presented in Table I, where
for completeness the values of the attenuation factor of the
Coriolis interaction are presented. If we estimate the value of
#2173 fitting E, (1) by the simple rotational formulpE (I
+1)—E,,(1)]=(#2%7)(1+1) we get for all considered nu-
clei the value ofJ; not exceeding 1.1. We get the minimum
value of J,=0.6 for ?Ra. Thus the values of the Coriolis
strength parameter needed to fit the spectra are quite reason-
able. The corresponding attenuation factor of the Coriolis
interaction takes the values between 0.28 and 0.44. We have
performed also the calculations with the same attenuation
factor for all considered nuclei, which we have taken to be
equal to 0.33. In this case the results for parity splitting in
22222Ra and??*Th practically coincide with those shown in
Figs. 2, 3, and 5. The results fdf®Ra and ??’Th deviate
slightly from the preceding ones. However, these deviations
do not exceed 6 KeV fof?Ra and 5 KeV for??’Th. The
results obtained foP?Ra with common attenuation factor

KeV). Since these two energies are quite close we have takefeviate from the best fit obtained for this nucleus more than
w=1050 KeV for all nuclei under consideration. We havefor other considered nuclei. Namely, these deviations take

also takem=3 for all considered nuclei to reduce the num-

the values up to 20 KeV. The results obtained with common

ber of the free parameters. This value is in a correspondenatenuation factor 0.33 fof?*??Ra are presented in Figs. 1

with the coherent states parameters obtained in Ref.

and 4.
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TABLE |. Values of the parameters used for fit AfEq, (1) fect is observed in Th isotopes. As is seen the largest devia-
using Egqs(10—(12) andn=3, »=1050 KeV. The values of the tions of the fit from the experimental data are obtained for
attenuation factor of the Coriolis interactionare shown for com-  220R5 and 222Th. These two nuclei are rather transitional

pleteness. ones, howevef3].
AE(0) 72123)Io(Jo+ 1
Nucleus  Ref. [Ke(V]) lo ( EKeS/(] ot X V. CONCLUSION
2263, 3] 240 71 16.3 0.28 A model is developeq to d_es_crib_e the angule_lr momentum
22434 3] 188 54 231 0.33 dependence of t_he parity splitting in the nuclei W_lt_h strong
22254 3] 200 48 270 0.34 oct.upole correlatlon_s. The model explains the positive parity
20m, (18] 310 60 206 oy splitting at the relatively low angular momenta and its d_e—
20y (1020 218 4'8 19'8 0'30 pendenpe on as produqed by a penetration of thg barrier
22 (3 '21] 205 4'6 36'4 0'37 separating two symmetrically located octupole minima hav-
' : ' ' ing different signs of the octupole deformation. It is demon-

strated that the sign reversal of the parity splitting at higher
values ofl can be interpreted as a result of the Coriolis
_mixing with K=1 octupole mode. However, a consideration

nected with the freequency of transition through the octupol@ this effect is qualitative and a more detailed treatment
requires a microscopic approach. In some nuclei parity split-

balrner. fT?r? strnallgtr_ thef value G‘E(?{ tr|1e sma:IkI‘er éhe ._ting changes the sign in second tifle7] although its abso-
value ol the transition reequency, the larger h€ barney o \51ye decreases in average witimcrease. Probably, it

he_lght S.etﬁa(;?ﬁfmg ttW_O sy;nt[]netrl(iallyl I%C?ted ?Ctu?:memeans that the Coriolis mixing among several intrinsic states
minima with different signs of the octupole deformation. For ¢, -4 e considered.

nuclei considered in this papé—rE\(O/) takes the values be-
tween 200 and 300 KeV. These values are the smallest ones
among those known for the observed alternating parity

bands. In Ra isotopes the value®E(0) decreases initially The authors would like to express their gratitude to Dr.
when we go from??®Ra to lighter isotopes, indicating an R.-D. Herzberg for reading the manuscript. The work was
increase of the strength of the octupole correlations. Howsupported in part by the BMFT under Contract No. 060 K
ever, it increases again iff°Ra. Probably, it is connected 602 I. One of the author€R.V.J) is grateful to the Univer-
with the fact that ?*Ra is a transitional nucleus with sita zu Kdin, where this work has been done, for its hospi-
E(2)=178 KeV. In >*RaE(2;)=68 KeV. The same ef- tality and support.

The value of/A?((_)l) characterize a stability of the octu-
pole deformation in the ground state. This quantity is con
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