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an indication of the excitation to the second 2% state was observed. This experiment performed for
the first time Coulomb excitation to second 2%+ states with rare isotope beams at relativistic energies.
For *®Nd the B(E2;2] — 07), B(E2;25 — 0%), and B(E2;2] — 27) values relative to the previously

Editor: V. Metag known B(E2; 2] — 0T) value for 1®4Ce are determined as 81(10), 11(3) and 180(92) W.u., respectively.
The results are discussed in the framework of geometrical models that indicate pronounced y -softness

PACS: in these nuclei.
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Despite the rotational invariance of the nuclear many body sys-
tem, triaxial shapes originate from specific long-range correlations.
They have represented an intriguing phenomenon in nuclear struc-
ture physics for five decades. Quadrupole-deformed nuclear shapes
with soft-triaxiality [1,2] and with rigid triaxiality [3] have already
been proposed in the 1950’s. In the nuclear mass region A ~ 130,
observed low-spin structures have been interpreted in terms of the
occurrence of triaxial deformation, predominantly with a high de-
gree of y-softness. Corresponding nuclear spectra can be satisfac-
torily described [4] in terms of the corresponding O(6) dynamical
symmetry [5] of the interacting boson model. The properties of the
two lowest 2% states of even-even nuclei are particularly sensitive
to a triaxial shape of the nuclear ground state and to the softness
of its triaxiality. From theoretical and systematic studies [6,7], it
has been suggested that the N =76 nuclei are more y-rigid than
their neighbors with higher neutron number. At moderate spins,
the rotation of a triaxial nucleus may give rise to pairs of identi-
cal AI =1 bands with the same parity—chiral twin bands [8]. In
doubly-odd nuclei these structures can arise from the perpendicu-
lar coupling of the angular momenta of the valence particles and
a triaxial core. The existence of self-consistent rotating mean-field
solutions of chiral character has been predicted for the N =75 nu-
cleus 3Pr [9], where a pair of bands with the same parity and
spin close in excitation energy has already been observed [10]. In
a number of nuclei in this region such bands have been observed
and interpreted as chiral doublets [11-13].

The measured lifetime [14] and the analysis [15] of the band
crossing of the two doublet bands in *4Pr have put the chiral
interpretation for this nucleus to discussion. A recent paper [16]
suggests an interpretation of lifetimes and y-ray branching ra-
tios with theoretical calculations of the two-quasiparticle triaxial
rotor and interacting boson-fermion-fermion models in terms of
weak chirality dominated by shape fluctuations. In other nuclei,
lifetime measurements have corroborated the chiral picture. In the
odd-mass nucleus 3°Nd the transition probabilities for intra- and
inter-band transitions confirm the chiral character and suggest that
the observed behavior is associated with a transition from a chi-
ral vibration to a chiral rotation [17]. It is interesting to study the
triaxiality of the even-even nuclei, 13*Ce and '3°Nd, which are the
corresponding even-even core of 34Pr and the direct neighbor of
135Nd, respectively, by measuring observables that are sensitive to
the amount and rigidity of triaxial deformation. Therefore, rela-
tivistic Coulomb excitation experiments were performed to pop-
ulate 2% states in 3#Ce and *Nd. From the decay of the first
2] and second 2] states the B(E2) values were deduced which
yield information on the triaxiality parameter y within geometri-
cal models such as the Asymmetric Rotor Model (ARM) [2,3] or the
Geometric Collective Model (GCM) by Gneuss and Greiner [18] that
we will employ below.

Two consecutive experiments were performed to measure
Coulomb excitation of high-energy 3*Ce and *®Nd beams us-
ing the FRS-RISING setup at GSI [19]. A primary beam of >2Sm
at 750 AMeV impinged on a 4 g/cm? °Be production target at
the entrance of the fragment separator (FRS) [20]. Fully stripped
secondary beams of 34Ce and 3®Nd were separated in the FRS
by their magnetic rigidity and their specific energy loss in the
degraders. The nuclei of interest were identified event-by-event
by employing scintillator detectors, a multiple sampling ioniza-
tion chamber (MUSIC) [21], and multi-wire proportional chambers
(MWPC). Two plastic scintillators with a thickness of 3 and 0.5 mm
each were mounted at the intermediate and final focal plane and
served for the time of flight (TOF) measurement. From the TOF
and the flight path length, the velocity of the ions was deter-
mined. The energy loss (AE) of each ion was provided by the
MUSIC chamber and yielded the element number Z. By combin-
ing these measurements, the full in-flight identification of ions in

Z and A/Q arriving at the final reaction target was achieved. The
purity of the secondary *4Ce and '3Nd beams is almost 100%
with this identification. In addition the incoming trajectories of
the ions were measured by two MWPCs. The energies of >4Ce and
136Nd beams were around 126 AMeV before impinging on a sec-
ondary 386 mg/cm? gold target at the final focal plane. Projectiles
and target nuclei were mainly excited by the electromagnetic in-
teraction. The de-excitation y-rays in coincidence with projectile
residues were detected by 15 EUROBALL cluster Ge detectors [22].
The cluster Ge detectors were placed at forward angles in order
to maximize the effective solid angle by the Lorentz boost and to
minimize the Doppler broadening effect. They were arranged in
three rings around the beam pipe, with the axis of the central de-
tectors in each ring positioned at 16°, 33°, and 36°. A distance of
700 mm between the Ge detectors and the Au target was nec-
essary to achieve an energy resolution of ~3% in FWHM after
Doppler correction. The identification of the nuclei behind the re-
action target was performed by an array of nine position-sensitive
AE-E calorimeter telescopes (CATE) [19] to ensure the necessary
conditions for Coulomb excitations. Energy loss was measured with
thin (300 pm) position-sensitive Si detectors, whereas the residual-
energy detectors were made of CsI(Tl) scintillators. The CATE array
covered a relevant opening angle of 58 mrad at 1426 mm from the
target. For the present projectile-target combinations an angular
range of about 36 mrad is important for Coulomb excitation. The
position sensitivity and the information on the incoming trajectory
allowed for the scattering angle determination.

In the analysis, the scattering angle between an in-coming and
an out-going particle and the y-ray emission angle with respect to
the direction of the scattered projectile were calculated event-by-
event and used for the Doppler correction. The ion velocity behind
the target was deduced for each event from TOF taking the energy
loss in the Au target into account. The accepted scattering an-
gles in the laboratory frame were limited to the range of 0.8°-1.8°
which corresponds to impact parameters in the range of 17-39 fm.
At smaller impact parameters nuclear interaction interferes with
Coulomb excitation and at larger impact parameters the excitation
probability vanishes and the particle-y coincidences are domi-
nated by atomic interactions. For an optimal suppression of atomic
background radiation, the analysis required single y-hit cluster
multiplicity for prompt y-rays at energies in excess of 400 keV
in the laboratory frame. Doppler shift corrected y-ray spectra for
134Ce and 36Nd are displayed in Fig. 1. Gamma-rays depopulating
the ZT and 2; states are indicated by solid and dashed arrows,
respectively. Gamma-rays depopulating the 2}“ states are observed
in both nuclei. The decay of the 27 is also clearly visible in **Nd,
while only indications are present for the 557 keV and 966 keV
transitions in 13*Ce. The excitation energies are already known
from former investigations [24]. For the first time, the first and
second 2T states are observed in Coulomb excitation at incident
energies larger than 100 A MeV, at least for the case of *6Nd.

The absolute y -ray efficiency of the cluster Ge array was deter-
mined by a Y-y coincidence measurement between the 1173 keV
and 1333 keV transition of a 89Co source taking into account all
combinations of the cluster Ge detectors, combined with the rela-
tive efficiency of 1>2Eu transitions measured as a function of y-ray
energy, and the efficiency in the rest frame was Lorentz trans-
formed with a velocity parameter of v/c = 0.42 to obtain the
absolute efficiency for y-rays emitted from the moving projec-
tiles. Besides particle-y coincidences, beam particles were also
recorded requiring an incoming particle in the last plastic scintilla-
tor. From the measured y-ray intensities the Coulomb excitation
cross sections can be determined, that are directly proportional
to the reduced transition probabilities. For the analysis and espe-
cially for the 25 — 2] transition the y-ray angular distribution
has to be known. Since the intensity of the latter transition was
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Fig. 1. Doppler shift corrected y-ray spectra for 134Ce (top panel) and *Nd (bottom panel). The insets show the regions with the weak transitions depopulating the second
2% state. Gamma-rays depopulating the ZT and 2; states are indicated by solid and dashed arrows, respectively.

too weak to be analyzed as a function of the y-ray emission an-
gle, the 21 — 0 transition in 3*Ce was used to extract the y-ray
angular distribution and the particle-y angular correlation in or-
der to obtain information on the spin alignment. Our data exhibit
a flat angular distribution within statistical fluctuations. One could
suppose that such a small alignment could be the result of a sub-
stantial feeding from the giant dipole resonance (GDR) states to
the 2% states. However, a typical cross section for GDR states is
expected to be on the order of 100 mb and a branching ratio for
2% feeding with respect to ground state decay is on the order
of 1%. Therefore, the distortion of the alignment by the excitation
of GDR states should be negligible. From the previous work [25]
a clear angular distribution was reported for relativistic Coulomb
excitations of 38S and 40S with a gold target. The isotropic angular
distribution in the current work may be explained as a deorien-
tation of the nuclear spin by hyperfine interactions, due to the
longer lifetimes of the 21+ states as compared to the sulfur nuclei
and due to the presence of one or more bound electrons in the
Ce and Nd ions emerging from the gold target. In fact, their veloc-
ity v~ 0.42c is very close to the classical velocity vo = (Z/137)c
of one bound electron in the first Bohr orbit of the ion, while the
S ions of Ref. [25] had a velocity much larger than vo and were
therefore fully stripped. Unfortunately, a quantitative explanation
is not available. The data analysis for '36Nd, hence, assumes a flat
aar}lgular distribution, according to the experimental observation for
134ce,

Table 1
B(E2) and B(M1) values of transitions depopulating the 2] and 27 states in 132Ba,
134Ce and "35Nd. The values for >*Ce and 3®Nd are deduced in the present work

Transition 1324 134ce 136Nd
B(E2) [W.u.] B(E2) [W.u.] B(E2) [W.u.]
2f —» ot 43(4) 52(5)2 80(11)
25 -0t 3.9(4)? <1 11(3)
25 —»2f 144(14) <140 182(93)

2 From Ref. [24].

In the present work, reduced transition probabilities, B(E2),
of transitions depopulating the 2] and 23 states of 4Ce and
of 13°Nd were measured relative to the B(E2;2] — 0T) value in
134Ce which is known to be 52 &5 W.u. [23,24]. Following a pro-
cedure described in Refs. [26,27], the counts in the y-ray peaks
were normalized to the number of scattered projectiles taking into
account the absolute efficiency of the Ge cluster detectors and
the deadtime of the data acquisition system (DAQ). From the ra-
tios of these intensities to the 2] — 0% transition in 34Ce, the
B(E2) values were determined. Since the relative measurements
are free from the major uncertainties of the absolute efficiency cal-
ibration for the whole setup [26,27], this method was employed in
the present work. The results are listed in Table 1. For the tran-
sitions depopulating the 27 state of 3Ce only an upper limit of
the B(E2) values could be determined. The value takes into ac-
count the known 23 — 27 /0] y-decay branching ratio [24]. The
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decay of the 2; state proceeds via a pure E2 transition to the
ground state. The 23 — 27 transition in ®Ce is known to be of
E2 character to 99.1 f?:? % [28]. Therefore, a pure E2 transition was
assumed for the transition depopulating the 27 state in 34Ce as
well as in 13®Nd. Since Coulomb excitation of the '%7Au target was
also observed, B(E2) values of the observed transitions in '34Ce
and ¥6Nd could be deduced by normalizing to the one of the
7/2% — 3/27 transition of 1°7Au by taking into account the abso-
lute efficiency of EUROBALL cluster Ge detectors for y -rays emitted
at rest in the laboratory frame and the Coulomb excitation cross
section for 197Au. Deduced B(E2) values are 77(26), 97(27), 13(5)
and 219(124) W.u. for transitions of 2] — 0% in 34Ce, 2 — 0¥,
27 — 0% and 2] — 27 in 3Nd, respectively, which are consis-
tent within errors with the values shown in Table 1 and validate
our data analysis. The E2 transition strengths of 43-80 W.u. for the
2] — 0" yrast transitions in the N =76 isotones 3?Ba, 34Ce, and
136Nd suggest a comparison with a collective nuclear model. From
the B(E2; 2] — 07) values, the intrinsic quadrupole moments Qg
and the axial 8 deformation could be estimated if one assumed
applicability of the axially-symmetric rigid-rotor relations. The cor-
responding values would be Q¢ =3.0, 3.3, 4.2 [eb] and the defor-
mation parameters 8 = 0.19, 0.20, 0.24 for 132Ba, 134Ce, and 136Nd,
respectively. Deviations of the nuclear shape from axial symme-
try are observed from the excitation energy ratio of the second 22+
to the first excited 2; state. In the rigid asymmetric rotor model
(ARM) [3] the excitation energy ratio E(23)/E(2]) is given by

E(er) B 3+\/m
QD 3- Jo—s.sin’G3y)

The y deformation parameters for 32Ba, 134Ce, and 136Nd derived
from this relation would result in y =26.3°, 25.3°, and 25.7°, re-
spectively. For these calculations, the B(E2) ratios were calculated
from the intensity ratio of the two transitions depopulating the 2;
state, which is given in Ref. [24]. These y deformation parame-
ters can be compared with the ratio of B(E2) values through the
following equation

+ + sin2(3y)
B(E2;2; —>27) _ 20 9-ssin’3y)
B(E2;2 — 0F) 7 {_ 3=2sin’By)

/9-8:sin’(3y)

within the ARM framework. In Fig. 2 the ratio of B(E2) values
connecting the 22+ decay transitions are plotted versus the energy
ratio E(25)/E(2]) for 134Ce and *°Nd together with '32Ba. The ex-
perimental data are compared with predictions of the y-rigid [3]
(dashed line) and y-soft [2] (solid line) ARM. In a soft nucleus
rotational motions are closely connected with intrinsic vibrations
of the nuclear surface. Therefore, the nucleus is stretched under
rotation, which leads to a change of the 8 and y deformation pa-
rameters. To account for this effect Davydov developed the soft
asymmetric rotor model [2] in which the additional parameter
characterizes the deformability of the surface. For u =0 the nu-
cleus has a perfect rigid shape. It can be seen from Fig. 2 that
only the soft ARM (i ~ 0.5, y ~ 239) predicts quite satisfactorily
the experimental data of >*Ce and 36Nd, while 32Ba seems to be
more y rigid.

However, the energy staggering

E()—E(I-1) I

EQd+1)—-EI-1) 2I+1
of the quasi-y band predicted by the ARM is opposite in phase

to those observed for the N =76 isotones [Susc.(3]) = +0.187,
Sisace(45) = —0.054, Susng(37) = +0.113, Sueyg(45) = —0.063].
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Fig. 2. Ratio of B(E2) values connecting the 22+ decay transitions as a function
of the energy ratio E(2])/E(2]). The data of 1*2Ba (O), *4Ce (@) and *°Nd (M)
are compared with predictions of the y-rigid (dashed line) and y-soft (u = 0.5)
asymmetric rotor model [2,3]. The asterisk denote the theoretical results which are
calculated in steps of 2.5 in y.

The experimental staggering hints at a considerable degree of y-
softness. Complete y-independence of the potential would result
in O(5) symmetry [1,5] which yields the maximum energy stag-
gering So(s)(37) = +0.571 and Sos)(45) = —0.444. These values
have the right phase but are too extreme.

In order to characterize the quadrupole shape of °Nd and
134Ce we have performed GCM calculations with the potential
V(B.y) = Volp% + c38? cos(3y) + caB? + cs° cos’(3y)]. The pa-
rameters were adjusted for simultaneous description of the ground
band energies, the E(2;)/E(2T) energy ratio, the E2 branching ra-
tio of the 2;, and the energy staggering of the quasi-y band.

Fig. 3 compares the low-energy level scheme of '3®Nd to
the GCM results for potential parameters Vo = —2.125 MeV;
c3 =0.112; ¢4 = —9.874 and cg = —10.345. The agreement with
the experiment is satisfactory except for the moment of inertia
of excited bands, as must be expected for geometrical models
without intrinsic degrees of freedom. The calculated staggerings,
Scem 3nd(37) = 40.137 and S¢ey 3y (45) = —0.022 do not de-
pend on a scaling factor for the Moments of Inertia and are close
to the experimental values. Panels (c) and (d) show the potential
energy as a function of the deformation variables. The potential
exhibits a shallow minimum at By, = 0.225, Ymin = 20.6° with
pronounced y-softness. Our GCM fits show that a similar descrip-
tion holds for 134Ce. We conclude that the region of y-soft nuclei
extends from the Xe, Ba-region [4,30,31] well up to 1*6Nd at least.
The even-even nuclei, 134Ce and 3®Nd, are not sufficiently y -rigid
to serve as rigid triaxial cores of neighboring odd-odd nuclei in
order to sustain chiral geometry without shape-polarizing effects
from the unpaired nucleons. In turn, a possible observation of
chiral structures in the particle-core coupled neighbors to 134Ce
or 36Nd must be considered as direct evidence for these shape-
polarizing effects.

In summary, the B(E2; 2] — 07) in the ®*Ce and "*®Nd nuclei,
B(E2; 24 — 0%), and B(E2;25 — 27) values in the *Nd nucleus
were measured for the first time by relativistic Coulomb excita-
tion. The comparison with the asymmetric rotor model and the
Geometrical Collective Model yields information on the nuclear
shape, namely the 8 and y quadrupole deformation parameters.
It is found that the data hint at a pronounced y-softness of the
N = 76 isotones even up to *6Nd.
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