PRL 110, 172504 (2013)

PHYSICAL REVIEW LETTERS

week ending
26 APRIL 2013

Evidence for Multiple Chiral Doublet Bands in 133Ce
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Two distinct sets of chiral-partner bands have been identified in the nucleus '33Ce. They constitute a
multiple chiral doublet, a phenomenon predicted by relativistic mean field (RMF) calculations and
observed experimentally here for the first time. The properties of these chiral bands are in good agreement
with results of calculations based on a combination of the constrained triaxial RMF theory and the

particle-rotor model.
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Described in terms of a coupling between deformation
and orientation degrees of freedom, chirality represents a
novel feature of triaxial nuclei rotating about an axis that
lies outside the three planes spanned by the principal axes
of its mean-field density distribution [1-5]. For a triaxial
nucleus, the short, intermediate, and long principal axes
form a screw with respect to the angular momentum vector,
resulting in the formation of two chiral systems, with
left- and right-handed orientations. The restoration of the
broken chiral symmetry in the laboratory frame manifests
itself as a pair of degenerate Al = 1 bands with the same
parity. Experimental evidence for such chiral band pairs
has been found in the A ~ 190, A ~ 130, A ~ 100, and
A ~ 80 mass regions of the nuclear chart [6-20].

Theoretically, chiral doublet bands have been success-
fully described by several formulations viz. the triaxial
particle rotor model (TPRM) [1,21-23], the tilted axis
cranking model with shell correction (SCTAC) [2,15,16],
and Skyrme-Hartree-Fock [24,25] approaches, and the ran-
dom phase approximation [26,27]. The general conditions
for rotational chirality [1] imply that this phenomenon may
appear for more than one configuration in the same nu-
cleus. The resultant possibility of having multiple pairs of
chiral doublet bands in a single nucleus was demonstrated
for the Rh isotopes by the relativistic mean field (RMF)
theory in Refs. [28-30], which introduced the acronym
M x D for multiple chiral doublet bands. The likelihood of
chiral bands with different configurations was also dis-
cussed in context of SCTAC calculations used to interpret
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the observed band structures in 'Rh [15,16]. In this
Letter, the first strong experimental evidence for the exis-
tence of M D is reported in the nucleus '3*Ce. The obser-
vations represent an important confirmation of triaxial
shape coexistence and its geometrical interpretation.

Two separate experiments were performed using the
ATLAS facility at the Argonne National Laboratory. In
both, high-spin states in '3*Ce were populated following
the 1°Cd(*’Ne, 51)'33Ce reaction at a bombarding energy
of 112 MeV. In the first experiment, the target was a foil
of isotopically enriched ''°Cd, 1.48 mg/cm? thick, and
sandwiched between a 50 wg/cm? thick front layer of Al
and a 150 ug/cm? thick Au backing. The second experi-
ment used a target of the same enrichment and thickness
evaporated onto a 55 ug/cm? thick Au foil. In both experi-
ments, four-fold and higher prompt 7y-ray coincidence
events were measured using the Gammasphere array [31].
A combined total of approximately 4.1 X 10° four- and
higher-fold coincidence events were accumulated during
the two experiments. These events were analyzed using
the RADWARE suite of analysis packages [32]. The level sche
me for '3*Ce deduced in the present work builds substan-
tially upon that previously reported for this nucleus [33-35].
A partial level scheme comprising the structures relevant to
the focus of this Letter is displayed in Fig. 1. Spin and parity
assignments for newly identified levels were made on the
basis of extensive measurements of directional correlation
of oriented nuclei (DCO) ratios [36,37] and, where practical,
confirmed by angular-distribution analyses [38].
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Two strongly coupled Al = 1, positive-parity bands
were established: the lower-energy band (band 2 in
Fig. 1) and its partner (band 3) which feeds into the former
by a number of strong Al = 1, and much weaker Al = 2,
“linking” transitions. Both bands were known previously
[33], but had no conclusive multipolarity and configuration
assignments. They have been extended up to I” = % and
new in-band crossover transitions have been added,
together with the aforementioned linking transitions.
From DCO ratios and angular-distribution analyses, the
Al = 1 transitions in bands 2 and 3 were found to be of
the dipole or quadrupole type; they are assumed to be of
M1/E2 mixed multipolarity. The corresponding crossover
transitions within the bands were found to have E2 char-
acter. Likewise, the multipolarities of the Al = 1, 328,
338, and 391 keV linking transitions were determined to
be of the mixed M1/E2 type [39]. This, in conjunction
with the deduced E2 multipolarity of the 544 and 615 keV
transitions, establishes that bands 2 and 3 have the same
parity. The observation of linking transitions between
bands 2 and 3, and the hitherto unknown multiple decays
of the two bands into band 1 via a series of Al =1 and
Al = 2 transitions, suggests an underlying similarity of

the quasiparticle configurations associated with these
bands. These decay sequences are interpreted as possibly
resulting from the interaction between bands 1 and 2 (and,
by similar argument, bands 1 and 3), following detailed
calculations based on triaxial RMF theory in which the
configuration of band 1 was revised to [(1h;,,) X
(2ds;))1® v(hy1 )" from its previously assigned
m{(187/2) "' (1hy12)1® w(hyy2)~"  configuration  [33].
Consequently, bands 2 and 3 are assigned the
m((187/2) "' (1hy12)]1® v(1hyy5) " configuration.

A second pair of composite bands, consisting of the
sequences identified as bands 5 and 6 in Fig. 1, was
also established, with both bands again comprising strong
Al = 1 and relatively weak Al = 2 transitions. The inset
in Fig. 1 displays summed spectra obtained using various
gate combinations to highlight the in-band and intercon-
necting transitions in bands 5 and 6. The spins and parity
of levels in band 5, which has been slightly extended by
the addition of new transitions above the 45/2~ level, were
suggested previously by Ma et al. [33]; these assignments
have been confirmed by the present angular-distribution
and DCO analyses. Band 6 is entirely new, and the M1/E2
nature of the in-band 363, 367, 442, 423, 468, and 491 keV
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FIG. 1 (color online).
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133Ce

Partial level scheme of '33Ce showing the previously known bands and the partner bands identified in this work.

All transitions within and out a band are shown in the same color. The lowest level shown (I = %) is not the ground state, but an isomer
with an excitation energy of 37.2 keV [46]. Inset: Background-subtracted y-y-7y-vy coincidence spectra from different gate combinations
between bands 5 and 6. Black-, blue (with filled dots)-, and red (with arrows)-colored transitions represent members of bands 4, 5, and 6,
respectively. The interconnecting transitions between bands 5 and 6 are identified by boxes around the transition energies.
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transitions was deduced from the normalized ratios of
y-ray intensities in the detectors at forward angles to the
intensities in the detectors at angles centered around 90°.
This band forms a chiral pair with band 5 and decays into
it via a number of strong Al = 1 and some weak Al = 2
transitions. The M1/E2 character of the 711 and 779 keV
interconnecting transitions was again deduced from an
angular-distribution analysis wherein the A,/A, ratios
were determined to be —(0.622 = 0.013) and —(0.7312 =
0.032), respectively. In addition, the DCO ratios for the
1074 and 1146 keV transitions were found to be consistent
with a stretched-E2 character [39]. These results establish
that band 6 has the same (negative) parity as band 5.
Combined with the presence of strong interconnecting
transitions, this observation also points to both bands
having the same intrinsic configuration.

The standard fingerprints for chiral bands outlined
in Ref. [40], i.e., close excitation energies, a constant
staggering parameter, S(7), and a similar behavior of the
B(M1)/B(E2) ratios, are evident for both chiral pairs in
Fig. 2. Thus, there are two pairs of composite chiral part-
ners, bands 2-3 and bands 5-6, in the same nucleus. This is
the first instance of strong evidence for more than one set
of chiral-partner bands in any nucleus. It should be pointed
out that important confirmation of the chiral nature is
provided by the measurement of transition probabilities
in the two bands, as was clearly established in the case of
the chiral bands in '*>Nd [26]. Although lifetime measure-
ments were not feasible for bands reported here, the iden-
tical configuration of the chiral band pair in '**Nd and
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FIG. 2 (color online).

Experimental excitation energies, S(I)
parameters, and B(M1)/B(E2) ratios for the negative-parity
chiral doublet (left panels) and positive-parity chiral doublet
(right panels) in '33Ce. Also shown are results of TPRM calcu-
lations with the indicated attenuation factors & (see text).

bands 5-6 in '33Ce (see discussion below) provides further
credence to these bands being chiral as well.

Calculations based on a combination of the constrained
triaxial RMF theory [28-30] and the TPRM [22,23] have
been performed to investigate the nature of the observed
pairs of coupled bands and the presence of M y D phenome-
non in '¥3Ce. The potential-energy surface in the 3-7y plane
for '3Ce obtained from the RMF calculations with the
parameter set PK1 [41] indicates that the calculated ground
state of 133Ce is triaxial (8, = 0.20, y = 11°) and is soft
with respect to the y degree of freedom. By minimizing the
energy with respect to the deformation 7, both the adiabatic
and configuration-fixed B-constrained RMF calculations for
133Ce have been performed for various low-lying particle-
hole excitations; the results are provided in Fig. 3. The
configuration, parity, deformation, and energy information
for the calculated ground state (labeled A in Fig. 3), as well
as for states “a” and “b”’ (regarded as bandheads of bands 2
and 5, respectively), are presented in Table I and compared
with the experimental bandhead energies, and spins and
parities /™ of the respective bands. The observed bandhead
energies are reproduced reasonably well.

In order to examine the formation of chiral structures
based on configurations a and b, the deformation parameters
B and 7y obtained from the RMF calculations were used as
inputs to the TPRM calculations [23,42]. The moment of
inertia of the rotor was adjusted to the experimental energies
and the calculation of the electromagnetic transition proba-
bilities followed the process described in Refs. [23,42].

The (1hy;/,)* ® v(1hy;,,)”" quasiparticle configura-
tion assigned to band 5 is due to the rotational alignment
of a pair of i, /, protons coupled to an /,;/, neutron hole
after band crossing. A similar observation was made in
Ref. [33], but the configuration of the band was suggested
to be associated with a stable prolate axial (y = 0°) shape.
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FIG. 3 (color online). Potential-energy curves in adiabatic
(open circles) and various configuration-fixed B-constrained
(solid and dashed curves) RMF calculations with the parameters
set PK1 [41] for '33Ce. The energy minima are represented as
stars. The letters A, a, and b denote the calculated ground state,
Band 2, and Band 5, respectively.
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TABLE I

The unpaired-nucleon configurations and parities for states A, a, and b, calculated with RMF. The deformation parameters

B and vy, and the excitation energies E, (in MeV) are provided, along with the experimental bandhead energies of Bands 2 and 5, based
on the configurations a and b (see Fig. 3). The spin and parity /™ for bandheads of the two bands are also listed.

RMF calculations Experiment
State Unpaired nucleons Parity B, v) E, Band Im E,
A v(1hy )" - (0.20, 11.1°) 0.00
a m(187/2) " (1hy12)'1® v(1hyy )" + (0.22, 17.5°) 1.71 band 2 19/2* 2.378
b w(1hy12)* ® v(1hyy )" - (0.23, 15.2°) 3.78 band 5 29/2~ 3.734

However, configuration assignments there were obtained
with the assumption that the axis of rotation must coincide
with one of the principal axes of the density distribution.
In the present RMF calculations, the prolate minimum of
the previous cranking calculations becomes a saddle point,
and the actual minimum corresponds to a triaxial deforma-
tion capable of forming a chiral band.

TPRM calculations have been performed for band 5 and
its proposed chiral partner, band 6, based on a 7(1/1;;,)* ®
v(lhy, /2)*1 configuration and the results are presented in
the left section of Fig. 2. The theoretical results show an
impressive agreement with the data. The energy separation
between the two bands is about 400 keV at [ = 22—9, and
remains relatively constant over an extended spin range.
Indeed, a similar band structure built on the m(1h;/,)* ®
v(1hyy )~ " configuration was previously observed in
133Nd and interpreted as a chiral composite structure
[11,26]. The nucleus '3Ce contains two fewer protons
and the energy variation between bands 5 and 6 in Fig. 2
similarly suggests a form of chiral vibration, a tunneling
between the left- and right-handed configurations, such
that bands 5 and 6 are associated with the zero- and one-
phonon state, respectively. Furthermore, the calculated
staggering parameter S(/) is seen to vary smoothly with
spin (Fig. 2). This is expected since the Coriolis interaction
is substantially reduced for a three-dimensional coupling
of angular momentum vectors in a chiral geometry. A
comparison of the calculated electromagnetic transition
probability ratios with the data is presented in the lower
panels of Fig. 2. In the TPRM calculations, no obvious
odd-even staggering of the B(M1)/B(E2) values is indi-
cated, although a small effect is apparent experimentally.
This further supports the interpretation in terms of a chiral
vibration between bands 5 and 6 [43], which may be due to
the softness of the triaxial shape [44].

The positive-parity chiral doublet bands built on the
19/27 state (bands 2 and 3) are associated with the three-
quasiparticle  configuration m(1g72) " (1hy ) ]®
v(1hy1 /)", The energy separation between bands 2 and 3
was found to be nearly constant at ~100 keV, which, com-
bined with the spin-independent S(/) parameter, leads to the
interpretation of these bands being chiral partners as well.
It should be noted that the two M yD configurations in '33Ce
are analogous to the 7(1g9/,) ™! ® v[(1hy;/,)'(1g7/2)"] and
m(189/2) "' ® v(1hy; »)* configurations proposed previously
for 195Rnh [15,16].

The calculated excitation energies and the electromag-
netic transition probability ratios B(M1)/B(E2) for bands
2 and 3 are compared with the experimental values in the
right panels of Fig. 2. It can be seen that the theoretical
results are able to reproduce the data well: in the chiral
region, the energy separation between bands 2 and 3 is
nearly constant at ~100 keV, and the similar behavior of
B(M1)/B(E2) ratios is also clearly evident. Similar to
bands 5 and 6, there is no perceptible staggering in the
calculated B(M1)/B(E2) ratios, but such an effect is ap-
parent experimentally. The B(M1)/B(E2) ratio depends
sensitively on the details of the transition from the vibra-
tional to the tunneling regime [23], which may account for
the deviations of the TPRM calculation from experiment.

When comparing the experimental energies of bands 2
and 3 with the TPRM calculations, a Coriolis attenuation
factor, ¢ = 0.7, was employed. The incorporation of such
an attenuation factor is not uncommon in the description of
the properties of low-lying bands in deformed odd-A nuclei
with TPRM [45] and might be a consequence of the fact
that the configuration for these bands contains a low-j
orbital 77(1g7/,) which has large admixtures with other
low-j orbitals. The configuration for bands 5 and 6, on
the other hand, contains only the high-; orbital (14, /,),
where the mixing is relatively small, thus alleviating the
need for Coriolis attenuation.

In summary, two distinct chiral doublet bands based
on the three-quasiparticle configurations a[(1g/,,)~'X
(1hy12)'1® v(1hyy0) ™" and 7 (1hy12)* ® v(1hyy )7,
respectively, have been observed for the first time in
133Ce, and are interpreted in the context of the MyD
phenomenon. Calculations based on a novel combination
of the RMF and TPRM reproduce the experimental results
well, and confirm the manifestation of triaxial shape coex-
istence in this nucleus.
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