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Persisting Domination of the Octupole over the Quadrupole Degrees of Freedom
and the New Type of Transitional Nuclei: High-Spin Behavior of 2'gRa
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High-spin states up to I=(31 ) have been studied in the ' Ra nucleus and the staggering sequence
of levels of positive and negative parity persists up to the highest level. This observation supports the
idea that in some nuclei the high-spin excitations may primarily be dominated by deformations which do
not conserve the intrinsic parity (such as octupole, A, =3, and higher odd-A. multipolarities) rather than
by the "usual" quadrupole (X =2) and possibly higher even-k multipolarities.

PACS numbers: 21.10.Re, 21.10.Ft, 23.20.Lv, 27.80.+w

As the number of nucleons gradually exceeds the pro-
ton and neutron magic numbers, the primarily noncollec-
tive high-spin excitation pattern in the corresponding nu-
clei evolves towards a collective one. The latter sets in
when the number of valence particles exceeds typically 6
to 8 for protons and 4 to 6 for neutrons, in both
medium-heavy and heavy nuclei. This collective excita-
tion pattern is characterized by the presence of rotation-
al bands with the regular energy-E vs spin-I dependence.
On the contrary, a very irregular E vs I dependence and
an apparently random ordering of the electromagnetic
Ek and Mk transitions characterize the noncollective
pattern.

The rotational bands, as studied extensively in the
past, preserve the intrinsic symmetries of signature and
parity, ' often to an extremely good approximation.
These symmetries are a property of the triaxial-shape
geometry and produce the typical spin sequences
I =0 —,2 —,4 —,. . . and I =1 —,3 —,5 — for even-
even nuclei.

In many nuclei a different pattern, namely the one
characterized by the intrinsic simplex symmetry (the
mirror symmetry with respect to a plane containing the
symmetry axis), dominates. In these cases the regular
band structures are composed of the spin-parity se-
quences I"=0+, 1,2+, 3, . . . and I"=0, 1+, 2
3+, . . . for even-even nuclei, and analogous half-
integer-spin sequences for odd-A nuclei. The electro-
magnetic decay proceeds then via El and E2 transitions
with the 8(EI )/B(E2) ratio being large relative to nor-
mal. The interpretation of this phenomenon frequently
employs the stable octupole-shape deformation P3 or, al-

ternatively, the octupole-shape susceptibility with large-
amplitude collective P3 oscillations.

The great majority of the so-called transitional nuclei,
i.e., those spanning the transition between the noncollec-
tive and collective motion, exhibit relatively well pro-
nounced band structures with the symmetries of the first
kind discussed above. It is the purpose of this Letter to
provide evidence that a special type of transitional nuclei
exists in nature. They are characterized by an enhanced
octupole susceptibility (decay pattern dominated by odd
multipolarity components in nuclear shapes) while the
quadrupole-type influence, which usually dominates,
plays only a secondary role. In the following the experi-
mental results for the transitional nucleus ' Ra are
presented, and it will be argued that this nucleus pro-
duces the discussed special transitional behavior up to
the highest observed spin.

In order to strongly populate high-spin states, the nu-
cleus ' Ra was produced via the Pb(' C, 4n) reaction
with an incident beam energy of 80 MeV provided by the
18-MV MP tandem Van de Graaf accelerator at Stras-
bourg. The self-supporting lead target, enriched in Pb()99%), had an eft'ective thickness of 2.5 mgcm
The ' C beam had an intensity of 4 particle nA and was
dumped several meters behind the target in a Faraday
cup. The investigation of ' Ra was made with the mul-
tidetector 4x array called "Chateau de Cristal. " In the
present experiment it consisted of (i) ten Ge detectors,
each surrounded by an anti-Compton shield, the y-ray
entering from the side; with seven detectors positioned at
30 or 150 with respect to the beam, and the others at
90'; (ii) two planar Ge detectors with Be windows, axi-
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FIG. 1. Level scheme of ' Ra obtained in the present work.
Transition energies are given in keV.

ally positioned at 90 and 30, respectively; and (iii) 38
BaF2 crystals constituting an inner array which was used
as a y-ray multiplicity filter. Requiring that at least
three BaFl (fold 3) were triggered, 4X10 yy events
detected in Ge counters were registered.

The relative yield of the highest spin states of ' Ra
was enhanced in the data analysis by imposing a fold

greater than or equal to 6. This condition also affected
the relative yields of the different xn exit channels
(x =3,4, 5). Especially, it lowered the 5n ( ' Ra) chan-
nel to 2.6%, diminishing thereby the contamination of
several y rays in ' Ra. The level scheme of ' Ra de-
duced from the present work is presented in Fig. 1. Spin
assignments were established from the measured y-ray
anisotropies I(30')/I(90') and from the directional cor-
relation ratios extracted from the yy coincidence data,
assuming that the considered transitions are stretched.
The electric character of the quadrupole transitions was

deduced from the absence of delayed components in the
y-y time spectra, and the electric or magnetic decays for
dipole transitions were inferred from intensity balance

arguments.
The positive- and negative-parity bands previously

known up to spins 16+ and 17 were confirmed and
extended to higher spins. It was found that the 417-keV
y peak corresponds to two transitions and therefore the
19 and 21 states differ from those proposed earlier.
The relatively large B(E1)/B(E2) ratios persist up to
the highest levels observed and the slightly decreasing
trend of these ratios with increasing spins ' is confirmed
at higher spins by the present work: The values (in units
of 10 fm ) range from 2 6 to 0 4. A second
negative-parity band, observed up to I =(24), is connect-
ed by M1 transitions to the first negative-parity band.
At high excitation energy, its states are interconnected
by dipole transitions with the members of a new band,
presumably a second positive-parity band.

Calculations of the potential energies using the Stru-
tinsky method with the deformed Woods-Saxon poten-
tial' give the results presented for I=0 in Fig. 2. In
these calculations, for each P3 value the energy is mini-
mized over the other deformation parameters'' P), (X =2,
4, 5, 6, and 7) whose values are shown in the bottom part
of the figure. For increasing spins, the theoretical results
for ' Ra predict ' the evolution of the octupole suscepti-
bility (up to P3 —0.11), which is close to the maximum
predicted for nuclei in this range' ' and which dom-
inates over all other deformations in ' Ra. The coexist-
ing E 1 and E2 transitions (Fig. 1) signify the simplex
symmetry in this nucleus as implied by the average field
theories when the odd-X shape multipolarities are
present. However, at the same time the bands in ' Ra
do not show any clear regularity of the E—I(I+1) type,
which corresponds well with the negligible elongation of
Pl =0.07.

To give further support to the idea of the special tran-
sitional behavior of ' Ra, manifested in theory by the
predominance of octupole over quadrupole degrees of
freedom and in experiment by the simplex symmetry and
irregular E vs I pattern, the spin responses to rotation in

the form of I vs co curves are illustrated in Fig. 3 for
Ra and compared to the analogous results in the

well-known transitional nuclei ' ' Dy. The similari-
ties in the decay characteristics of the compared nuclear
pairs are evident, while the Ra nuclei produce, in addi-
tion, a clear simplex symmetry pattern (see Fig. 1).
There the regular-collective pattern in Ra can qualita-
tively be understood in view of both the —30% larger
elongation (pl —0.10) and the well developed twin octu-
pole minima with the pronounced (—800 keV) separat-
ing barrier.

The unusually strong effects of the E1 transitions ob-
served in experiment can be qualitatively understood in

terms of the spontaneous parity breaking in the intrinsic
nuclear frame at deformations predicted for this nucleus
by theory. Indeed, the calculated quasiparticle wave
functions have comparable contents of both positive- and
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pg p7 at I =0, as a function of p3 (top). The corresponding values of all multipolarities but p3 are given at the bottom. The develop-
ing octupole character of the equilibria when N changes from 128 to 132 and most importantly the domination of p3 over all other
deformations in Ra deserve noting. (In the latter nucleus a coexistence with the spherical minimum and/or large-amplitude
dynamical octupole oscillations is a likely picture. )
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negative-parity contributions as shown in Fig. 4. This
provides a clear necessary condition for the E 1-type ma-
trix elements (—&f ~

rYIo ~
i)—&f ~

z
~
i)) being nonzero

and often large. In addition, the reduction of the pairing
gap at hc0,„=0.20 MeV (see bottom of Fig. 4) corre-
sponds to the neutron alignment most likely seen for
spins 8 ~ I ~ 18 (cf. Fig. 3).

In short, the experiment on the ' Ra nucleus gives
evidence that the simplex symmetry persists up to the
highest spins observed, while the E vs I relation remains
very irregular. This is in good qualitative agreement
with the theoretical results yielding a very large octupole
deformation (P3 —0.09), close to the maximum predicted
for this mass region, and simultaneously a markedly less
significant p2 value. All these facts are presented as evi-
dence for a new type of transitional nuclei where the
octupole-type deformation dominates over all other
shape components.
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FIG. 3. Comparison between the octupole-transitional ' Ra
and collective Ra (top) and the well-studied "usual" transi-
tional nuclei of ' Dy and ' "Dy in terms of the spin projection
on the axis of rotation as a function of co. Thick lines present
the results of the cranking calculations with pairing for the
ground state [zero quasiparticles (0 qp)], two-quasiparticle
neutron s band (qp n), and four-quasiparticle (two-quasi-
particle neutron and two-quasiparticle proton) band (qp
n+ qp p), respectively.
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FIG. 4. The parity content ((v~ ti~ v)) of a few neutron or-
bitals closest to the Fermi level in ' Ra as a function of rota-
tional frequency (top). The bottom part displays the corre-
sponding change in the pairing gap. Curves are labeled by the
K quantum number and full (dashed) lines correspond to
s = —i (+i) P2=0. .075, P3=0.090, and P4=0.054.
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