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The neutron-rich nucleus ***Ba (, s2=11.5 s) is expected to exhibit some of the strongest octupole
correlations among nuclei with mass numbers A less than 200. Until now, indirect evidence for
such strong correlations has been inferred from observations such as enhanced E1 transitions and
interleaving positive- and negative-parity levels in the ground-state band. In this experiment, the
octupole strength was measured directly by sub-barrier, multi-step Coulomb excitation of a post-
accelerated 650-MeV '**Ba beam on a 1.0-mg/cm? *°®Pb target. The measured value of the matrix
element, (37 || M(E3)]|07) = 0.65(*17) eb/2, corresponds to a reduced B(E3) transition probability
of 48(f§i) W.u. This result represents an unambiguous determination of the octupole collectivity,
is larger than any available theoretical prediction, and is consistent with octupole deformation.

PACS numbers: 27.60.+j, 25.70.De, 29.38.Gj, 23.20.Js, 23.20.-g, 21.10.Ky

The concept of spontaneous symmetry breaking in the
nuclear density distribution can be applied to the descrip-
tion of the collective properties of nuclei [1]. The coupling
between pairs of nucleons occupying close-lying orbitals
with Aj = Al = 3 can result in strong octupole correla-
tions, which can break not only rotational but also reflec-
tion symmetry in the nuclear intrinsic frame [2]. Nuclei
in at least two regions of the nuclear chart have been
identified where both valence protons and neutrons oc-
cupy such orbitals near the Fermi surface, and they are
expected to exhibit signatures of strong octupole corre-
lations. In fact, the strength of these correlations can
be such that rotational bands with alternating parity ap-
pear, and these have been commonly interpreted in terms
of the rotation of octupole-deformed nuclei. In the Ra-Th
region, recent measurements of E3 transition strengths
in 229Rn and ??*Ra [3] have validated this interpretation;
and the observed collective structure in ??*Ra is associ-
ated with an octupole shape.

Evidence for octupole collectivity has been inferred in
the region centered around neutron-rich Ba nuclei from
~-ray studies of fission fragments [4, 5]. Signatures such
as the presence of both It—(I — 1)~ and I~ —(I —1)"
enhanced E1 transitions linking levels of the ground-state
and negative-parity bands at low and moderate spin have

been reported. These are consistent with expectations
of strong octupole correlations, but whether these are
sufficient to stabilize an octupole shape remains an open
question which can be addressed by measurements of the
E3 strength. A measurement of the latter strength is
best carried out via sub-barrier Coulomb excitation [3],
a technique that has only recently become available for
nuclei in the Ba region as it requires the acceleration of
short-lived, radioactive beams.

In this Letter, results from a multi-step Coulomb ex-
citation experiment with a !44Ba beam are reported.
Besides taking advantage of new capabilities of accel-
eration of a radioactive beam, the measurements also
benefited from superior Doppler reconstruction enabled
by the combination of highly-segmented particle coun-
ters with ~-ray tracking [6] (CHICO2 and GRETINA,
respectively—see below).

The experiment was conducted at the Argonne Tan-
dem Linac Accelerator System (ATLAS). The 144Ba
beam was produced by the CAlifornium Rare Ton Breeder
Upgrade (CARIBU) consisting of a ~1.7 Ci 22Cf fission
source coupled to a He gas catcher capable of thermal-
izing and extracting the fission fragments with high effi-
ciency before filtering them through an isobar separator
[7, 8]. To maximize the extraction of 14*Ba from the sys-



tem, the 27 charge state was selected for subsequent pro-
duction of the A=144 beam. The latter was charge-bred
in an Electron Cyclotron Resonance (ECR) ion source to
charge state ¢g=28" before acceleration through ATLAS.
Unfortunately, a number of stable contaminants with ap-
proximately the same A/q=5.14, originating from the
ECR source, were present with the radioactive A=144
beam. These were BOHf35+ 134Xe26+ 1130422+ and
108421+ and, additionally, 36 Ar™* which was intention-
ally injected into the source as a pilot beam for tuning
purposes prior to the experiment.

The 650-MeV 44Ba beam was passed through a 5 mm
diameter collimator which was positioned 10.2 ¢cm up-
stream from a 1.0 mg/cm?-thick 2°*Pb target (99.86%
isotopic purity). The front surface of the target was
coated with a 6 pg/cm? Al layer and the back with
40 pg/cm? C. The radioactive beam current was moni-
tored with a large HPGe detector positioned just behind
the beam dump. The absolute beam intensity was esti-
mated based on the yield of the 397-keV ~ ray emitted
following '**La 3 decay (t1/2=40.8 s [9]) and determined
to be 8x10% 44Ba ions per second.

The experimental setup included the Gamma-Ray En-
ergy Tracking In-beam Nuclear Array (GRETINA) [6]
for y-ray detection and CHICO2, a recently upgraded
version of the Compact Heavy Ton COunter (CHICO)
[10], for charged-particle detection. CHICOZ2 is charac-
terized by a much-improved ¢ (azimuthal) angular reso-
lution over that of CHICO. It is composed of 20 parallel-
plate avalanche counters (PPACs) arranged symmetri-
cally around the beam axis. Each PPAC consists of an
aluminized polypropylene anode and a pixelated cath-
ode board with a position resolution (FWHM) of 1.6°
in 6 (polar angle) and 2.5° in ¢. The fast anode signal
(1.2 ns, FWHM) provides the time difference between 2
PPAC events and is used to distinguish between heavy
and light reaction products, as well as to discriminate
between the various beam contaminants. In addition,
CHICO2 data provide the trajectories of the reaction
products required for a precise event-by-event Doppler
correction of the -ray information. This correction also
relies on the performance of GRETINA, a spectrometer
composed of 7 modules, each with 4 segmented HPGe
detectors, where the segmentation allows for a position
resolution of 4.5 mm (FWHM) [6] and enables the track-
ing of multiple interactions by a single v ray through the
detector.

A time-of-flight (ToF) particle spectrum from CHICO2
and the corresponding 7-ray spectrum are presented in
Fig. 1. The various beam contaminants can be identi-
fied, and the temporal and spatial resolutions are ade-
quate to effectively separate them from the '**Ba beam,
except for the A=144 isobars and 3*Xe. The right side
of Fig. 1 displays the corresponding ~-ray spectrum from
GRETINA, with the coincidence requirement of a A=144
particle detected between 40° and 75°. Clearly, the con-

taminants add significant complexity to the spectrum,
particularly '34Xe whose 2+ —0%, 847-keV transition re-
sults in a significant background contribution under all
the #4Ba ~ rays of interest. Nevertheless, a number of
14483 lines have been clearly associated with transitions
from states with spin as high as 10h. The spectrum in-
cludes deexcitations from negative-parity levels which are
populated in Coulomb excitation primarily through E3
excitations.

In extracting the yields of the various v rays of in-
terest, care was taken to identify all of the nearby con-
taminants, often through the use of additional gates in
the ToF spectrum. This was especially important for the
relatively weak transitions from negative-parity states.
The extraction of those yields was further aided by prior
knowledge of the corresponding ~-ray energies [9]. The
two insets in the spectrum of Fig. 1 illustrate some of
the results for the transitions 3= —2% (639.0 keV) and
9~ —8T (302.1 keV) that were particularly challenging
because of the presence of contaminants identified in the
figure. The only + ray that could not be individually re-
solved was the 5~ —47 transition at 508.7 keV, close to
the more intense 8t —67 one at 509.3 keV within *4Ba
itself. For these two transitions, only the combined yield
was considered in the Coulomb-excitation analysis. Nev-
ertheless, despite the lack of direct decay information
from the 5~ level, the yield data from the 9~ and 7~
states above and the 3~ level below it provided sufficient
information to determine the relevant excitation proba-
bilities by the various possible (coupled) channels.

The ~-ray detection efficiency was measured with stan-
dard '82Ta, 152Eu, 136Cs, and %°Co sources under track-
ing conditions identical to those used in the experiment.
Intensity ratios between the strongest peaks from **Ba
in the tracked spectrum were verified through compari-
son with those in the corresponding untracked spectrum.
The efficiency-corrected ~y-ray intensities and the asso-
ciated uncertainties can be found in Fig. 2. For the
Coulomb-excitation analysis, yields were extracted for
two separate angular ranges, 30°-40° and 40°-75° (lab
frame), as the available statistics did not allow for more
restrictive intervals. The intensities for both ranges are
displayed in the figure. Note that the measured angular
distributions are such that the y-ray yield associated with
the E2 transition deexciting the 107 state could only be
extracted in the 40°-75° gate. Furthermore, in Fig. 2,
the data sets measured for F'1 transitions in the 30°—40°
interval and for E2 v rays in the 40°-75° one have been
renormalized to facilitate their comparative display.

The experimental yields were analyzed with the semi-
classical Coulomb-excitation code GOSIA [14] which cal-
culates transition intensities for a given set of experimen-
tal conditions and nuclear matrix elements. The latter
are then varied until the set giving the best agreement
with the data is found, based on a least-squares search.
In the present analysis, states up to 14" in the ground-
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FIG. 1. Left: The particle spectrum from CHICO2 measured in coincidence with a v ray in GRETINA. The plot provides

the difference in ToF between the beam and target nuclei versus the scattering angle (6).

The various beam contaminants

are labeled. Right: The ~-ray spectrum measured in GRETINA gated on the A=144 group in the CHICO2 spectrum (left).
A number of contaminant peaks are visible in addition to the **Ba ~ rays. Note that the energy-tracking capabilities of
GRETINA have been utilized to help reduce the Compton background produced by the high-energy '3*Xe transition. Two
examples of fits used to extract the yields for E1 transitions from negative-parity states in **Ba are shown in the insets.
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FIG. 2. Comparison of the experimental yields and uncer-
tainties with those calculated with GosiA based on the set of
matrix elements resulting in the best overall agreement with
all the available experimental data, including previously mea-
sured lifetimes [11-13] and branching ratios [9]. The 30°—40°
E1 and 40°-75° E2 data sets have been renormalized for ease
of viewing. See text for details.

state band and up to 15~ in the negative-parity sequence
were considered together with the associated E1, E2,
and F3 matrix elements, totaling 70 in all. The num-
ber of free parameters used to fit the limited data set
was reduced by coupling the matrix elements according
to the rigid-rotor prescription [4, 15]. Although '44Ba is
considered to have moderate deformation only (82~0.2),
such a treatment has been validated theoretically for even
less-deformed cases [16]. Furthermore, in the error anal-
ysis, the rigid-rotor constraint was released (see discus-
sion below). For the least-squares minimization, the con-
straint requires that the elements for a given multipolar-
ity are determined by a single parameter; e.g., the in-
trinsic dipole moment Dy for E1 matrix elements, and
the quadrupole Q)2 and octupole 3 moments for the E2

and E3 elements, respectively. Here, the F1 and E3
matrix elements were each fit using a single parameter,
while the elements for the 2T —4%, 47 —6%, and 6T —8*
transitions were allowed to vary independently, but with
constraints provided by lifetime data [11-13]. All other
E2 elements were coupled to the 07 —2% one, where a
precise lifetime is available for the 27 state [9]. Available
lifetime data as well as experimental branching ratios [9]
were also used to constrain the E1 matrix elements (see
below). Note that the computations with GOSIA include
effects impacting the v-ray angular distributions such as
nuclear de-orientation, relativistic corrections, and detec-
tor geometry [14]. As an independent check of the analy-
sis, GOSIA was also used to calculate the v-ray yield ratio
of the 4t —2% and 2t —07T transitions in '34Xe, based
on the experimental B(E2) probabilities of Ref. [17], for
scattering angles between 40° and 75° (same as Fig. 1).
The calculated ratio of 0.077 agrees well with the mea-
sured value of 0.078(4), providing added confidence in
the analysis.

The measured '*4Ba transition yields are compared
with the best fit results in Fig. 2, while the associated E2
and E'3 matrix elements can be found in Table I. Quoted
errors on the various fit values reflect both the uncer-
tainties associated with the data and those originating
from correlations between the various fit parameters—see
Refs. [14, 18] for details. Note that the resulting E1 ma-
trix elements are constrained primarily by the available
data [9] on branching ratios in the decays from the states
of interest and display little sensitivity to the Coulomb
excitation yields. The F2 matrix elements are also con-
strained well by both the available lifetime and branch-
ing ratio data, and this is reflected in the reported er-
rors in Table I. In this context, the matrix element gov-
erning the 2+ —4% transition deserves some discussion.



TABLE I. The final 2 and E3 matrix elements (e - b*/?)
based on the GOsIA fit to experimental data.

I - IF E\ (IFIMEN|IT)
0t —27f E2 1.042(F57)
2T — 47T E2 1.860(15%)
4T = 6" E2 L.78(*18)

61t — 8t E2 2.04(133)

0" — 3~ E3 0.65(157%)

2t -5~ E3 <1.2

4t — 7 E3 <16

Three lifetime measurements for the 4% state are avail-
able from the literature. Reference [11] reports a 49(7) ps
mean life measured with a fast-timing method following
B decay. Values of 74(4) ps [12] and 71(6) [13], respec-
tively, were determined in recoil-distance Doppler-shift
measurements following 2°2Cf fission. The present anal-
ysis results in a better overall fit if the shorter lifetime
from the decay study is used to constrain the fit rather
than the larger values obtained in the fission studies. It
is possible that the two measurements following fission
suffer from difficulties in properly accounting for feeding
into the 4™ level that are absent when the state is fed in
B decay. All in all, however, the fit results are consistent
with the available lifetime data for the observed states.

The main goal of the present measurement was the de-
termination of the E3 excitation strength in *4Ba. Val-
ues derived from the fit for the £3 matrix elements are
given in Table I. While most of these elements were not
constrained well by the available yields, it was neverthe-
less possible to extract upper limits for the excitations to
the 5~ and 7~ states as well as a value, albeit with size-
able error bars, for the 0t —3~ E3 excitation. The latter
value, 0.65(735) eb®/2, corresponds to a reduced transi-
tion probability B(E3;3~—07)=48("3}) W.u. Note that
this reported value was obtained under the assumption
that the relative sign between the sets of electric dipole
(E'1) and octupole (F3) matrix elements is the same. In
the event that these two sets are of opposite sign, the in-
terference term in the calculated excitation probabilities
[14, 15] would translate into a reduction in magnitude
of ~10% for the E3 matrix element of interest; i.e., well
within the quoted errors.

The newly measured E3 strength can be compared
with several theoretical values from the literature. In
particular, the B(E3;3~ —01) probability has been cal-
culated using various beyond mean-field approaches [19-
21]. The largest predicted value is B(E3)=20 W.u. [19].
Additionally, and most recently, this B(E3) quantity
has been calculated with an algebraic approach where a
mean-field potential energy surface was mapped onto an
interacting boson model (IBM) Hamiltonian [22]. The
latter yielded a similar value of B(FE3)=24 W.u.; the

largest strength predicted in '*4Ba to date.

Besides the B(E3) probability, the transition octupole
moment has been calculated using a cluster model [12].
As mentioned earlier, the present analysis assumes the
rotational limit which implies an intrinsic octupole mo-
ment with a simple relationship to the transition ma-
trix elements. The present measurement gives a value
Q3=1.73(T55)x10% e fm® compared to the prediction
in Ref. [12] of 1.409x10% e fm3. The latter provides
the closest agreement of any calculated value, although
it is based on completely different model assumptions.
Nevertheless the error bar on the measured value, as
mentioned earlier, does include correlations with vari-
ous other matrix elements free from the constraints pro-
vided by the rigid-rotor assumption, making it essentially
model-independent. The removal of this constraint in
the error analysis is, at least partially, responsible for the
fact that only upper limits on the (5~ || M(E3)||2%) and
(T7IM(E3)]|4T) matrix elements could be determined
(Table I).

Going a step further, the octupole moment can be re-
lated (with the standard assumption of axial symmetry)
to the commonly-used ) shape parameters [23] describ-
ing the nuclear surface as an expansion of the spherical
harmonics. Using the quadrupole and octupole moments
from the fit, a value of 0.17(T§) is derived for the octupole
shape parameter 83 (with 8>=0.18; the quadrupole mo-
ment being largely constrained by the measured 27 life-
time [9]), under the assumption that 4 and higher terms
in the deformation can be neglected. Generally speaking,
such terms are expected to deviate significantly from 0
and may play an important role in the overall nuclear
shape and binding energy [24, 25], however their relation-
ship to the octupole moment is 2nd-order when compared
to B3 [23]. Indeed, variations of B4 within a reasonable
range (0 to 0.20), result in a small effect on 83 (<10%
for fixed Q3).

The conversion to 3 enables comparisons with sev-
eral additional theoretical studies within mean-field ap-
proaches [22, 24, 26-29]. The largest value is calcu-
lated in Ref. [27] with |53/=0.126. As a matter of fact,
Ref. [27] presents a comprehensive calculation of ground
state shapes for 8979 nuclei, covering most of the nuclear
landscape, up to A=339. The measured 3 value is larger
than any calculated one for nuclei with A<316, although
a number of measured B(E3) strengths for nuclei with
N <60 have indicated larger S5 values [15] than those
computed. Considering the various theoretical calcula-
tions of octupole-related parameters for *4Ba, the com-
puted values systematically under-predict the present ex-
perimental results; the average calculated S5 deformation
between Refs. [22, 24, 26-29] is less than 0.11, differing
from the measured value by more than 1 standard devia-
tion. Therefore, generally speaking, octupole correlations
in '*Ba are likely stronger than the models imply, how-
ever the large uncertainty on the present result does not



allow one to elaborate further.

In conclusion, a number of new developments; i.e., the
first post-acceleration of a *‘Ba beam combined with
the enhanced performance provided by particle detection
with high angular sensitivity by CHICO2 and the v-ray
tracking ability of the GRETINA array proved vital to
the success of this measurement. With the determina-
tion of the '**Ba E3 matrix element (3] || M (E3)||0]) =
0.65(*335) eb3/2 this measurement provides the first di-
rect experimental evidence for significantly enhanced
strength of octupole correlations in the region centered
around neutron-rich Ba nuclei. Moreover, despite sig-
nificant uncertainties on the measurement, the data also
indicate an octupole strength larger than calculated in
various theoretical approaches.
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