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Reflection asymmetric shell model for octupole-deformed nuclei
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The reflection asymmetric shell model has been established by means of the variational procedure and the
projection method to describe the high spin states of octupole deformed nuclei. TheQ•Q forces of quadrupole,
octupole, and hexadecapole as well as the monopole and quadrupole pairings are included in the Hamiltonian.
The shell model space is spanned by a selected set of the simultaneous angular momentum- and parity-
projected BCS multiquasiparticle states which are intrinsically deformed. The general features of rotational
octupole bands in even-even nuclei can be interpreted and reproduced by the present model, and the calculated
results for the Ra isotopes are in good agreement with the experimental data.

DOI: 10.1103/PhysRevC.63.014314 PACS number~s!: 21.60.Cs, 21.60.Ev, 21.10.Re, 27.90.1b
y

tr
lte

nc
o
n

tu
te

s
H

on
ole
on
th
et

o

t
ls
d
e
f

um
y
be
S
re

tio
ra

ro
tio
e

se
th

he
, is
ed
the

aken
in-
sis
del
ove,
no
are
e-

al-
rity

ic,
gu-
ell
hells
al-
le
ole
e Ra
ta.
e-

sson
e a
-

of
ro-
ru-
eals

ies
ad-
m-
hell

xa-
I. INTRODUCTION

With the first observation of low-lying negative-parit
states by the Berkeley group in the 1950’s@1,2#, the possi-
bility arose that some nuclei might have a shape asymme
under reflection. The sequence of rotational states with a
nating parityI 1, (I 11)2, (I 12)1, . . . , hereI is even in-
teger number, was first observed in218Ra @3# and 222Th @4#
in the 1980’s. These rotational bands provide the evide
for the strong octupole correlation or even the static octup
deformation. In the last decade, a flurry of experimental a
theoretical discoveries~reviewed, e.g., in Refs.@5,6#! have
provided new indications of the reflection-asymmetric oc
pole deformation. The rotational bands of states with al
nating parity have been observed up to very high spin@7–9#,
particularly in nuclei around224Ra. These band structure
are analogous to those of asymmetric molecules such as
and may be expected for nuclei with octupole deformati
For many of these nuclei there exist intrinsic electric dip
moments giving rise to strong electric-dipole transitions c
necting states of opposite parity. The striking behavior of
octupole bands highlights the nuclear reflection asymm
and has attracted much interest over the years.

A diversified models have been developed for the study
the properties of octupole bands, refer to Ref.@6#, and refer-
ences therein. Among those microscopic approaches
cranked shell model~CSM! is one of the most useful mode
to describe the properties of high spin states in octupole
formed nuclei@10#. Despite the success of the CSM in th
description of high spin states, its disadvantage is clear
the fact that angular momentum is not a good quantum n
ber, but instead a classical term, the rotational frequenc
employed. Also the parity is not a good quantum num
when the octupole deformation onsets. Therefore the C
calculations cannot be directly compared with the measu
energy levels of rotational bands as well as the transi
rates between band states. Moreover, the residual inte
tions between the quasiparticle configurations are not p
erly considered in the CSM and thus the detailed descrip
of the wave functions of rotational states by the CSM b
comes somewhat in question. The purpose of the pre
work is to establish a new microscopic model, called
0556-2813/2000/63~1!/014314~7!/$15.00 63 0143
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reflection asymmetric shell model~RASM!, in order to de-
scribe the high spin states in octupole deformed nuclei. T
basic assumption of the CSM, clearly a key advantage
that the picture of quasiparticles moving in the deform
rotating mean field can provide a good basis to describe
properties of rotational bands. This advantage has been t
in the new model by introducing a selected set of the intr
sically deformed multiquasiparticle states to form the ba
to achieve a good and sufficient truncation of the shell mo
space. The disadvantages of the CSM mentioned ab
namely, no good parity, no good angular momentum, and
residual interaction between quasiparticle configurations,
removed in the RASM by carrying out the projection proc
dure and introducing theQ•Q forces. In the RASM, the
basis on which the spherical Hamiltonian will be diagon
ized are the eigenstates of angular momentum and pa
obtained by projecting the intrinsic reflection asymmetr
octupole deformed, multiquasiparticle states onto good an
lar momentum and good parity. We will see that the sh
model space spanned by the states of only three major s
for protons and neutrons is large enough for the RASM c
culation of the low-lying octupole bands in heavy octupo
deformed nuclei, and that all the general features of octup
bands can be reproduced and the calculated results for th
isotopes are in good agreement with the experimental da

Elliott was the first to point out the advantage of a d
formed ~intrinsic! many-body basis and develop the SU~3!
shell model @11# for sd-shell nuclei by using the group
theory. The projected shell model~PSM! @12,13#, of which
the basis is a selected set of the quadrupole deformed Nil
1 BCS multiquasiparticle states, can be considered to b
natural extension of the SU~3! shell model to heavier sys
tems. The basis of both models violates the symmetry
rotation but it can be recovered by angular momentum p
jection. For an intrinsic octupole and simultaneously quad
pole deformed system, the case that the present model d
with, not only the rotation but also the reflection symmetr
are violated and thus the parity projection is required in
dition to angular momentum projection to recover the sy
metries. The model is an extension of the projected s
model @12,13# by including the parity projection in addition
to angular momentum projection and the octupole and he
©2000 The American Physical Society14-1



e-
n
od
nd
x

on
an
an
a

it
es

r

y

f

n

-

e

en-

ec-
ct

on,

n
in

ta-
n-

Y. S. CHEN AND Z. C. GAO PHYSICAL REVIEW C63 014314
decapole interactions in the Hamiltonian.
A brief description and derivation of the theory is pr

sented in Sec. II. In Sec. III the general features of rotatio
octupole bands are discussed and interpreted by the m
In Sec. IV the calculated results of the octupole yrast ba
for 222,224,226,228,230Ra are shown and compared with the e
perimental data. A summary is in Sec. V.

II. THE MODEL

A. The eigenvalue equation

Let us consider an intrinsic deformed stateuF&, precisely
with octupole, quadrupole, and hexadecapole deformati
which is not an eigenstate of the angular momentum
parity operators. Because of the invariance of rotation
reflection of the spherical shell model Hamiltonian one h
the identical equations

H5R̂†~V!HR̂~V!5 P̂†HP̂5R̂†~V!P̂†HP̂R̂~V!, ~1!

whereR(V) is the rotation operator which has the explic
form, e2ıa Ĵze2ıb Ĵye2ıg Ĵz, V represents a set of Euler angl
(a,g5@0,2p# andb5@0,p#), and P̂ is the parity operator,
and it is obvious that there is the commutation relation

@ P̂,R̂~V!#50. ~2!

Using the generator coordinateV we may construct a wide
class of states by forming a trial wave function

uC&5E dVF1~V!R̂~V!uF&1E dVF2~V!P̂R̂~V!uF&,

~3!

whereF1(V) andF2(V) are functions to be determined b
minimizing the energy expectation value.F1(V) andF2(V)
can be expanded in terms of theD function

F1~V!5 (
IMK

2I 11

8p2
F1,MK

I DMK
I ~V!,

F2~V!5 (
IMK

2I 11

8p2
F2,MK

I DMK
I ~V!. ~4!

ReplacingF1(V) andF2(V) in Eq. ~3! by the expressions o
Eq. ~4!, we obtain

uC&5 (
IMK

$F1,MK
I PMK

I uF&1F2,MK
I P̂PMK

I uF&%

5 (
IMKp

FMK
Ip PpPMK

I uF&, ~5!

wherePp is the parity projection operator,

Pp5
1

2
~11pP̂!, ~6!
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al
el.
s

-

s,
d
d
s

with p561, andPMK
I is the angular momentum projectio

operator,

PMK
I 5

2I 11

8p2 E dVDMK
I ~V!R̂~V!. ~7!

To obtain the second identity in Eq.~5! we have used the
definition

FMK
Ip [F1,MK

I 1pF2,MK
I . ~8!

The coefficientsFMK
Ip play the role of the variational param

eters taking the place of the variational functionsF1(V) and
F2(V) in Eq. ~3!. Then the variational procedure can b
carried out by using the trial wave function of Eq.~5!. For
that some useful properties of the parity and angular mom
tum projection operators are

Pp†5Pp,

Pp8Pp5dp8pPp,

PMK
I† 5PKM

I ,

PK8M8
I 8 PMK

I 5d II 8dMM8PK8K
I . ~9!

It is straightforward to obtain the expressions of the exp
tation value of the Hamiltonian and the normal produ
^CuHuC& and ^CuC& by using Eq.~9!.

^CuHuC&5 (
IKK 8pM

FMK8
Ip* FMK

Ip ^FuHPpPK8K
I uF&,

^CuC&5 (
IKK 8pM

FMK8
Ip* FMK

Ip ^FuPpPK8K
I uF&. ~10!

According to the variational equation

d^CuHuC&2Ed^CuC&50, ~11!

we obtain the eigenvalue equation which the wave functi
more precisely the coefficientsFMK

Ip fulfill

(
K

FMK
Ip ~^FuHPpPK8K

I uF&2E^FuPpPK8K
I uF&!50.

~12!

It is easy to see that for each value ofE in Eq. ~12! there
exist a definite set of values ofI,M andp for which FMK

Ip is

nonzero and the otherFM8K
I 8p8 vanishes. Thus the summatio

over I, M, andp in Eq. ~5! actually drops away, as seen
Eq. ~12!. In other words, this means thatuC& becomes an
eigenstate of angular momentum and parity. Both the ro
tion and reflection symmetries violated in the original intri
sic stateuF& are thus recovered in the new stateuC& in the
laboratory frame.
4-2
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B. The configuration mixing

However, so far only one single intrinsic stateuF& has
been considered in the above discussion. It is necessa
consider the configuration mixing in order to deal with t
interaction between various unperturbed bands. We cons
a set of deformed multiquasiparticle states$uFk&% instead of
the single stateuF& , wherek denotes the quasiparticle con
figurations, and then the trial superpositionuC& becomes in a
more generalized form

uC&5 (
IMKkp

FMK
Ip PpPMKk

I uFk&. ~13!

The $PpPMK
I uFk&% is the set of simultaneously angula

momentum- and parity-projected multiquasiparticle sta
which forms the shell model space and allows the confi
ration mixing. By performing the similar variational proce
dure one obtains the final eigenvalue equation

(
Kk

$^Fk8uHPpPK8K
I uFk&2EIp^Fk8uP

pPK8K
I uFk&%FMKk

Ip

50, ~14!

and the normalization condition

(
Kk8Kk

FMK8k8
Ip* ^Fk8uP

pPK8K
I uFk&FMKk

Ip 51. ~15!

According to Eq.~14!, uC& in Eq. ~13! is still an eigenstate
of both angular momentum and parity and thus the sum
tion over I, M, andp contains only one term, but the sum
mation overk leads to the configuration mixing. Also from
Eq. ~14!, we can see that the coefficientFMKk

Ip is independent
of magic quantum number, so the subscriptM can be
omitted. It is noted that Eq.~14! is valid for any nuclear
shape, but in the present study we only consider the c
of axial symmetry. Once ^Fk8uHPpPK8K

I uFk& and

^Fk8uP
pPK8K

I uFk& are available, the eigenvaluesEIp of H
together with the wave functions can be calculated from
~14!.

C. The Hamiltonian

The Hamiltonian is

H5H02
1

2 (
l52

4

xl (
m52l

l

Qlm
† Qlm2G0P00

† P00

2G2 (
m522

2

P2m
† P2m , ~16!

whereH0 is the spherical single particle Nilsson Hamiltonia
and

Qlm5(
a,b

^aur2Ylmub&ca
†cb , ~17!
01431
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P00
† 5

1

2 (
a

ca
†cā

† , ~18!

P2m
† 5

1

2 (
a,b

^aur2Y2mub&ca
†cb̄

† , ~19!

whereca
† andca are the single particle creation and annih

lation operator, respectively, andr5Amv0 /\r . This Hamil-
tonian includes quadrupole-quadrupole (l52), octupole-
octupole (l53), and hexadecapole-hexadecapole (l54)
interactions which leads to the quadrupole, octupole,
hexadecapole deformations, respectively. The coupling c
stants of theQl•Ql forces,xl in Eq. ~16!, may be deter-
mined inconsistent to the nuclear deformationsel ~similar to
Ref. @13#!, and can be calculated by the expressions

x2,tt85

2

3
A4p

5
e2\vt\vt8

\vn^Q20&n1\vp^Q20&p
,

x3,tt85

2A4p

7
e3\vt\vt8

\vn^Q30&n1\vp^Q30&p
,

x4,tt85

2A4p

9
e4\vt\vt8

\vn^Q40&n1\vp^Q40&p
, ~20!

where^•••& means the expectation value with respect to
BCS vacuum state,t(t8) refers to neutron or proton. Th
present multipole plus pairing force model works surpr
ingly well for octupole and quadrupole deformed nuclei d
spite its simplicity. Nevertheless, the neutron-proton inter
tion presents only in the~particle-hole type! Q•Q force,
which might be too restrictive.

The Hamiltonian~16! is then diagonalized within the she
model space spanned by a selected set of the simultaneo
parity- and angular momentum-projected BCS multiqua
particle states. The quasiparticle configurations employe
the present calculations for even-even nuclei include
vacuum, two neutrons, two protons, and four quasipart
states, i0&, am1

† am2
† i0&, ap1

† ap2
† i0&, am1

† am2
† ap1

† ap2
† i0&,

wherem ’s (p ’s! denote the neutron~proton! Nilsson quan-
tum numbers which run over properly selected low-lyi
quasiparticle states.

D. Parameters

The monopole pairing strength parameter may be
tained by the expression

G05S g17g2

N2Z

A D /A, ~21!

where g1517.52 andg2510.83 was taken in the presen
calculation of the Ra region, and the minus~plus! sign stands
for neutron~proton!. The strength of the quadrupole pairin
4-3
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Y. S. CHEN AND Z. C. GAO PHYSICAL REVIEW C63 014314
may be calculated fromG25 f G0, usually f 50;0.2. In the
present calculations we setf 50, namely no quadrupole pair
ing, since it is not important for the case of rather sm
quadrupole deformation, as in the Ra region. The three m
shells ofN55,6,7 for neutrons andN54,5,6 for protons are
included to calculate the Nilsson single particle states. T
Nilsson potential parameters used are (k,m)5(0.058,0.44)
for neutron and~0.048,0.69! for proton shells. The spherica
single particle energies of the present Nilsson potential
similar to those of the Woods-Saxon potential~Ref. @14#, and
references therein!. The level spectra become quite simil
for the two potentials in the presence of both quadrupole
octupole deformations, especially the pronounced ene
gaps appearing at neutron numbersN5138 and 132 and pro
ton numberZ588 which characterize the mass region. T
deformation parameters including the quadrupolee2, the oc-
tupole e3 and the hexadecapolee4 are chosen to have rea
sonable values, and these values for Ra isotopes as list
Table I are similar to those given in Refs.@6,14#, and refer-
ences therein, except a rather largere4 as discussed in Sec
IV.

III. GENERAL FEATURES OF ROTATIONAL OCTUPOLE
BANDS

By examining the behavior of all of the yrast octupo
bands observed in the Ra region a number of interes
common features clearly stand out, which are different fr
those of the normal rotational bands observed in nonoctu
but quadrupole deformed nuclei: the specific sequence
states 01,12,21,32, . . . ; the significant parity splitting at
low spins; the quenching of the parity splitting by rotatio
the absence of the sharp band crossing. All these gen
features characteristic of octupole deformed nuclear sys
may be interpreted based on the framework of the RASM

A. The specific sequence of states

The sequence of states with even-spin, positive parity
odd-spin, negative parity, namely, I 1,(I 11)2,(I
12)1, . . . , wasfound in all the observed rotational yra
octupole bands in the even-even octupole deformed nucl
the A5140, 220, and 240 mass regions. The sequence
accepted in the literature as an observed general featur
sociated with the rotational motion of the octupole deform
system, but has not been well studied. The mathematic l
of the RASM provides the insight into the origin of the s
quence. If the band mixing is neglected, the energies of
g.s. band can be evaluated by

TABLE I. The deformation parameters used for the calculatio
of the Ra isotopes.

Nucleus e2 e3 e4

222Ra 0.07 0.071 20.12
224Ra 0.08 0.071 20.12
226Ra 0.08 0.071 20.12
228Ra 0.10 0.061 20.10
230Ra 0.12 0.055 20.10
01431
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EIp5
^HPpP00

I &

^PpP00
I &

, ~22!

where^•••& stands for the expectation value with respect
the BCS vacuum. For the case of axial symmetry, the in
gration in Eq.~7! becomes one dimensional, precisely t
angle b, and R̂(V) becomesr̂ (b)5e2ıb j y, and then one
obtains

EIp5

~11p~21! I !E
0

p

db sinbd00
I ~b!^Hr̂ ~b!&

~11p~21! I !E
0

p

db sinbd00
I ~b!^ r̂ ~b!&

. ~23!

In Eq. ~23! the factor@11p(21)I # should not be zero oth
erwise the equation is meaningless, namely, the expres
of the energy becomes uncertain and thereforeI must be
even integer number forp51 and odd integer number fo
p521. Thus the allowable values ofI andp are even-spin,
positive parity and odd-spin, negative parity, and then E
~23! is deduced to be

EIp5

E
0

p

db sinbd00
I ~b!^Hr̂ ~b!&

E
0

p

db sinbd00
I ~b!^ r̂ ~b!&

. ~24!

It is interesting to note that in the case of reflection symme

^Ôr̂ (b)&5^Ôr̂ (p2b)& and d00
I (b)5(21)Id00

I (p2b),

whereÔ51 or H, the EI 2 states with oddI no longer exist
since both the numerator and the denominator in Eq.~24!
vanishes, and only possible are the states of 01,21, . . . ,
the sequence of the yrast rotational states observed in e
even nonoctupole but quadrupole deformed nuclei.

B. The parity splitting at low spins

The parity splitting observed in almost all the octupo
deformed nuclei measures to the extent to which the o
spin, negative parity level of spinI has an excitation energ
located higher than the average of those of the two neigh
ing even-spin, positive parity states with respective spinI
21 andI 11. This quantity is one of the unique features
the presence of octupole modes and has attracted muc
terest over the years, and it was called ‘‘the energy displa
ment’’ in Ref. @10# and is similar to the quantity ‘‘signature
splitting index’’ defined in Ref.@17# and the quantity ‘‘stag-
gering’’ defined in Ref.@18#. The parity splitting character
istic of the octupole deformation can be reproduced by
RASM. Figure 1 presents the parity splittings for the yra
octupole bands calculated as a function of the octupole
formatione3 with fixed quadrupole and hexadecopole defo
mationse250.08 ande4520.12. The Nilsson potential an
the pairing parameters given in Sec. III are used to calcu
Fig. 1, and these parameters are suitable for the calculat
of the Ra isotopes, as will be seen below. Therefore
tendency of the parity splittings presented in Fig. 1 reflects

s

4-4
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REFLECTION ASYMMETRIC SHELL MODEL FOR . . . PHYSICAL REVIEW C 63 014314
somewhat extent the situation in the Ra region. It can be s
from Fig. 1 that the parity splitting decreases with the
creasinge3 at a given spin. At low odd spins, 12,32, and
52, the parity splitting decreases from;1000 keV ate3
50.04 to ;200 keV ate350.07 which is typical value of
the octupole deformation for the Ra isotopes. The pa
splitting at low spins is sensitive to the change of the oc
pole deformation. In fact, whene3 becomes large the
strength of the octupole-octupole force in the Hamitonianx3
becomes stronger so that the negative parity band lies lo
in energy, closer to the positive parity yrast band. Thus
parity splitting may reduce to zero for a large enough oc
pole deformation. It is interesting to note from Fig. 1 that
the typical value of the octupole deformation,e3;0.07, for
the light Ra isotopes the parity splitting is about 200 keV
spin 12 which accounts for the observed parity splitting.

C. The quenching of the parity splitting

Another striking feature shown in Fig. 1 is that the par
splitting decreases with increasing spin at a given value
e3, which is so-called the quenching of the parity splittin
Indeed, although the parity splitting exists at low spins
almost all the observed rotational octupole bands in ev
even octupole nuclei, but it decreases with the increas
spin and vanishes after a critical spin. This means that
parity splitting can be significantly quenched by the fast
tation. There exists a critical spinI c where the splitting van-
ishes and the negative and the positive parity states bec
interleaved. It is seen from Fig. 1 that the critical spinI c may
be quite large,;252, for a rather small octupole deforma
tion e350.06, and small,;32, for a rather large octupole
deformatione350.09. And it will be seen in Sec. IV that thi
estimation is qualitatively valid for the case of the R
isotopes.

D. The absence of the sharp band crossing

The majority of octupole rotational bands observed in
light actinides exhibit smooth behavior, showing no sha

FIG. 1. The parity splitting in the yrast bands versus the oc
pole deformatione3 calculated for each odd spinI 2 from 12 to
252. The parity splitting is defined as the quantityDE(I 2)
5E(I 2)2$E@(I 21)1#1E@(I 11)1#%/2. The parameters used i
the calculation refer to the text.
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band crossing up to very high spins, while the band cross
is expected to present at a much lower spin in nonoctup
deformed nuclei. Calculations based on the cranked refl
tion asymmetric WS model reproduce the absence of
sharp band crossing@10#. When the mean field is cranked i
order to describe high spin states, the angular momentu
much more homogeneously distributed, namely, fragmen
over the rotational quasiparticles with and without octup
deformation. The sufficient mixing of the intruder shells wi
the valence orbitals can be induced by even a small octu
deformation, and is responsible for the fragmentation of
gular momentum. It is obvious that such an effect of t
octupole deformation on the fragmentation of angular m
mentum of the quasiparticles is fully included in the RASM
and thus the smooth behavior of the yrast octupole bands
be reproduced by the RASM calculation, as shown in Fig

IV. CALCULATIONS FOR THE Ra ISOTOPES

The yrast octupole bands, the energy versus spin,
222,224,226,228,230Ra calculated up to spin 26 are shown a
compared with the experimental data@9# in Fig. 2. The de-
formation parameters (e2 , e3 , e4) used for the calculations
of the deformed quasiparticle basis states are listed in T
I. The other Nilsson potential and the pairing force para
eters are the same for all the calculations in this work and
given in Sec. III. It is seen that for the overall behavior of t
rotational octupole bands the agreement between the ex
ment and theory is remarkable. It is noticed that with t
shell model space of three major shells for protons and n
trons and only small changes of the deformation parame
the present calculations are able to reproduce the exp
ments for all the yrast rotational octupole bands observe
the even-even2222230Ra nuclei. It is well known that the
hexadecapole deformation is large in the light actinides.
the present calculations a largee4 value is employed for
better reproducing the experimental data of the yrast ba
It is instructive to notice that the deformation paramet
listed in Table I describe an octupole shape that is close
the cluster picture of the208Pb-like plus 14C-like with a fat
neck. A detailed discussion of this point is beyond the sco
of the present paper and will be studied in the forthcom
paper.

The parity splittings at low spins for all these nuclei a
well reproduced by the present calculations, as seen in Fi
The calculated parity splittings at spin 12, DE@12)
5E(12)2(E(01)1E(21)#/2, for the Ra isotopes are plot
ted versus the mass numberA and compared with the exper
mental data in Fig. 3. It is seen that the parity splitting h
almost a constant value of;200 keV forA5222, 224, and
226, but increases suddenly to;500 keV atA5228 and
then presents a further jump to;700 keV atA5230. Within
the framework of the RASM the parity splitting is strong
related to the octupole deformation, even a small chang
the octupole deformation will lead to a significant variatio
of the parity splitting. It is seen from Table I that the oct
pole deformations for222,224,226Ra have a similar value,e3
50.071, and this is eventually responsible for the similar
of the parity splittings for these three nuclei. There exist

-
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FIG. 2. The calculated yras
rotational bands~solid lines!, the
energy versus spin, with the defor
mation parameters listed in Tabl
I for ~a! 222Ra, ~b! 224Ra, ~c!
226Ra, ~d! 228Ra, and~e! 230Ra,
are compared with the experimen
tal data~open circles for negative
and solid circles for positive pari-
ties! taken from Ref.@9#.
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sudden decrease in the octupole deformation from226Ra to
228Ra, e3 changing from 0.071 to 0.061, this is the origin
the big jump of the parity splitting atA5228 shown in Fig.
3. A further decrease of the octupole deformation toe3
50.055 for 230Ra seems to be the reason for the seco
rising of the parity splitting atA5230. It is noteworthy from
the present calculations that the parity splitting is a sensi
measure of the extent to which the system has the reflec
asymmetry. The decrease of the octupole deformation f
226Ra to 228Ra is actually implied by the measurements
the intrinsicE1 momentsD0 of these two nuclei, which are
larger, 0.06–0.1e fm, for 226Ra @15# and smaller, 0.011e
fm, for 228Ra @16# at low spins. The change of the octupo
deformation is also transparent by examining the level str
ture of the single particle states calculated with an octup
deformed WS potential, which shows the pronounced ene

FIG. 3. The calculated parity splittings~line! at spin 12 for the
Ra isotopes are plotted versus the mass number and compared
the experimental data~solid square!. Both the calculated and th
experimental splittings are taken from Fig. 2.
01431
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gap of neutron numberN5138 at arounde350.08@14#. The
gap feature of the single particle spectra ensures that the
effects favor a larger octupole deformation for226Ra (N
5138) than for228Ra (N5140) and230Ra (N5142).

The parity splitting of rotational octupole bands may
quenched due to fast rotation and there exists an approxim
critical spin I c where the splitting vanishes and the negat
and positive states become perfectly interleaved accordin
the energy formulaEI;I (I 11). By viewing the experimen-
tal data of the yrast octupole bands one finds that theI c is
about 10\ for 222,224,226Ra and 18\ for 228Ra. It is shown in
Fig. 2 that these experimental critical spin values are rep
duced by the calculations. Again the large increase of
critical spin I c from 226Ra to 228Ra is attributed to the de
crease of the octupole deformation when the neutron num
varies fromN5138 to 140. The present calculation for230Ra
predicts a very large critical spinI c.26\, but unfortunately
for this nucleus the negative-parity band has been meas
only up to spin 7\ and the positive parity band only up t
18\. It would be interesting to extend the measurements
the bands up to higher spins for230Ra to examine the pos
sible disappearing of the interleaved structure of the alter
ing parity states which were observed in all the lighter
isotopes.

V. SUMMARY

In summary, the reflection asymmetric shell model h
been formulated to describe the high spin states of octup
deformed nuclei. The long-range separable forces of qua
pole, octupole, and hexadecapole as well as monopole
quadrupole pairing are included in the Hamiltonian. T
shell model space is spanned by the eigenstates of ang
momentum and parity obtained by projecting the intrin
octupole deformed BCS multiquasiparticle states onto b

ith
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good angular momentum and good parity. The obser
yrast octupole bands have the common features which d
from those of normal rotational bands observed in nonoc
pole but deformed nuclei. All these general striking featu
characteristic of an octupole deformed nuclear system ca
interpreted and reproduced by the RASM. The present
culations of the yrast octupole bands, the energy versus s
for 222,224,226,228,230Ra are in good agreement with the expe
mental data. Within the framework of the RASM the o
served sudden increase of the parity splitting at low sp
from 226Ra (N5138) to (N5140) may be interpreted by th
significant decrease of the octupole deformation for228Ra. It
01431
d
er
-
s
be
l-
in,

s

has been demonstrated by the calculations that the RAS
a useful model to explore into the nuclear reflection asy
metry.
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