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Quadrupole and octupole collectivity in 143Ba
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The neutron-rich barium nuclei have been the subject of intense interest due to the enhanced octupole
correlations they are predicted to exhibit. The observation of enhanced octupole collectivity in 144,146Ba as
measured in sub-barrier Coulomb excitation, consistent with static octupole deformation, has further heightened
this interest. In the present work, these studies are extended to the neighboring odd-mass 143Ba to investigate the
interplay between single-particle and collective octupole degrees of freedom. A new measurement of the first
9
2

−
-state lifetime is also presented. Reflection-Asymmetric Triaxial Particle Rotor Model calculations indicate

that the negative-parity bands in 143Ba can be understood as a decoupled structure of νh9/2 parentage, while the
positive-parity bands are built on a decoupled octupole phonon. No evidence for E3 excitation is observed in
this work, but an upper limit is placed on the E3 matrix element to the lowest octupole band.

DOI: 10.1103/PhysRevC.102.054328

I. INTRODUCTION

Just as quadrupole correlations among nucleons in atomic
nuclei result in the breaking of spherical symmetry, octupole
correlations may result in nuclei with reflection-asymmetric
shapes [1–3]. However, the latter correlations are not as
ubiquitous as quadrupole ones, requiring the presence of
single-particle levels near the Fermi surface separated by
� j = �� = 3h̄; these conditions are satisfied for nucleon
numbers N, Z ≈ 34, 56, 88, and 134. Traditional signatures
of octupole collectivity in even-even nuclei include the pres-
ence of interleaved positive- and negative-parity bands with
enhanced E1 and E3 transitions between them, though the
typically small E1 transition strengths are subject to cancel-
lation effects induced by the single-particle shell structure,
making E1 enhancement a less sensitive indicator [2,4]. Stud-
ies have revealed evidence for octupole collectivity in the
radium (Z = 88) region [5,6] and in the neutron-rich lan-
thanides (Z ∼ 56) [7–10]. The recent direct measurement of
large E3 transition matrix elements in 144,146

56Ba, obtained via
Coulomb excitation, may indicate stable octupole deformation
[9,10] and has made this region of the nuclear chart a focus of
particular interest.

While octupole correlations in even-even nuclei have re-
ceived a great deal of attention, odd-mass systems present an
important opportunity to study such correlations further. The
delicate balance between blocking of pairing correlations and
octupole particle-hole excitations, as well as polarization ef-
fects due to the odd neutron, may reveal details of the interplay
between single-particle and collective degrees of freedom ab-
sent in even-even systems. Experimentally, the presence of
parity doublets is an indicator of octupole correlations in odd-
mass nuclei [11], in addition to enhanced E3 and potentially
enhanced E1 transitions.

Here we report the results of low-energy Coulomb ex-
citation of the odd-mass nucleus 143Ba. The level structure
of this nucleus has been investigated previously through β-
decay [12,13] and spontaneous-fission [14–16] spectroscopic
studies, while the ground-state properties have also been
investigated by collinear laser spectroscopy [17–19]. Parity
doublets and enhanced E1 transition rates have been observed
in this nucleus [15], though the parity doublets are apparent
only for higher excitation energies, in contrast to the octupole-
deformed actinides where parity doublets are observed for
the ground state [20]. Clearly, the most compelling evidence
concerning octupole collectivity would come from direct
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measurement of E3 transition matrix elements. In the present
experiment, we place an upper limit on the lowest-lying E3
matrix element. We also determine several E2 matrix ele-
ments between negative-parity states. Reflection-Asymmetric
Triaxial Particle Rotor Model [21–23] calculations are pre-
sented which interpret the negative-parity bands in 143Ba as
being based on the coupling of an h9/2 neutron with a 142Ba
core, resulting in the 5/2− ground state of 143Ba. As we will
show, the band structure can be understood in the rotation-
aligned coupling scheme (RAL) [24] and the positive-parity
bands as a RAL octupole phonon [25,26] coupled to the
negative-parity states.

II. EXPERIMENTAL DETAILS

The experiment was performed at the Argonne Tandem
Linear Accelerator System (ATLAS) facility at Argonne Na-
tional Laboratory (ANL). The CAlifornium Rare Isotope
Breeder Upgrade (CARIBU) [27] facility produced 143Ba
through fission of a ∼1 Ci 252Cf source. The fission frag-
ments were thermalized in a helium gas catcher before being
injected into an electron beam ion source charge breeder
and subsequently accelerated by ATLAS to a total energy of
627.8 MeV. The accelerated 143Ba ions were impinged onto
a 2-mg/cm2 208Pb target to populate excited states through
Coulomb excitation. A collimator was installed upstream of
the target, and a HPGe detector was placed next to the beam
dump immediately downstream of the target in order to moni-
tor the beam current. Based on the intensity of the 211-keV
γ ray emitted in the β decay of 143Ba, the beam rate was
estimated to be approximately 2500 ions per second.

Coulomb excitation events were identified and selected
using the Compact Heavy Ion COunter (CHICO2) [28], which
consisted of 20 Parallel Plate Avalanche Counters (PPACs)
arranged around the target position. Ten PPACs were placed
at forward angles and 10 at backward angles relative to
the beam direction. Since Coulomb excitation results from
quasielastic scattering, a coincidence condition was imposed
that two PPACs separated by 180◦ in azimuthal angle must
be hit within a certain time window, with at least one PPAC
at forward polar angles. Beam and target particles can be
distinguished and identified based on the time-of-flight dif-
ference from the target to the PPACs and the angle at which
the particles are detected, as depicted in Fig. 1(a). The features
corresponding to A = 143 and A = 208 particles are indicated
in the figure.

The Gamma Ray Energy Tracking In-beam Nuclear Array
(GRETINA) [29] surrounded CHICO2 in order to detect γ

rays emitted after Coulomb excitation. GRETINA consisted
of 11 Quad detector modules for this experiment, each con-
taining four 36-fold segmented HPGe crystals, and covered
polar angles from approximately 40◦ to 170◦ relative to the in-
coming beam direction. Doppler-corrected γ rays detected in
coincidence with events in CHICO2 are presented in Fig. 1(b).
The Doppler correction was calculated for particles with mass
A = 143, assuming a midtarget reaction and quasielastic scat-
tering. Transitions in 143Ba are labeled by twice the spin of the
initial and final states, while asterisks indicate lines from the
isobaric beam contaminant 143La.

FIG. 1. (a) The particle identification spectrum measured in
CHICO2. The scattering angle and time-of-flight difference between
projectile (A = 143) and target (A = 208) nuclei are plotted on
the horizontal and vertical axes, respectively. (b) Doppler-corrected
γ -ray spectrum measured with GRETINA in coincidence with scat-
tering events detected in CHICO2. Transitions are labeled by twice
the spin of the initial and final states, while the asterisks indicate
transitions which originate from 143La. The inset shows the location
of the E1 transition which would indicate population of positive-
parity levels by E3 excitation.

A partial level scheme for 143Ba is shown in Fig. 2. The
solid arrows indicate transitions either observed in the present
experiment or known to proceed based on published feeding
patterns and branching ratios. Level energies and spin-parity

FIG. 2. A partial level scheme of 143Ba. The solid arrows corre-
spond to transitions observed in this work or known to have occurred
based on published feeding patterns and branching ratios. Level
energies and spin-parity assignments were taken from the latest
ENSDF evaluation [30]. The E1 transition from the 15

2

+
state was

not observed in this experiment.
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FIG. 3. (a) Cosine of the angle between scattered 143Ba ions and
γ rays detected in GRETINA plotted against the laboratory-frame
γ -ray energy. The 9

2

− → 5
2

−
transition decays both in flight and at

rest, in contrast to the other transitions. (b) The results of the lifetime
analysis of the 9

2

−
state. The black crosses are the data with error

bars, which were fit over the shaded region. The solid line is the
best-fit simulation, and the background is indicated by the dashed
line. The inset shows the reduced χ 2 distribution.

assignments have been taken from the latest data evaluation
[30]. States associated with rotational bands built on the 11

2
−

and 15
2

+
states, in addition to another positive-parity band, are

known but were not observed in the present experiment. The
numbering of the bands used in the figure is identical to that
used in Ref. [15], where bands 1 and 2 were assigned simplex
s = −i and bands 3 and 4 (not shown) were assigned simplex
s = +i. The intensity of transitions in Fig. 1(b) indicates that
the ground-state rotational band is strongly populated, while
the transition from the 716.3-keV bandhead is observed only
weakly. The transition from the positive-parity bandhead (the
presumptive octupole band) at 1066.8 keV is not observed in
the present work. The inset to Fig. 1(b) provides an expanded
section of the γ -ray spectrum where this γ ray would appear,
as indicated by the dashed arrow. The absence of this transi-
tion, with relatively little background in the region of interest,
allows us to set a limit on the 〈 15

2
+|E3| 9

2
−〉 matrix element.

III. ANALYSIS AND RESULTS

A. Lifetime of the 9
2

−
1

state

The first 9
2

−
(hereafter 9

2
−
1 ) state at 117.4 keV has a reported

half-life of 3.5(8) ns [30], a weighted average of three values:
2.6(8) [16], 3.8(12) [31], and 6(2) ns [32]. However, Ref. [16]
cites Ref. [31] but lists 3.8(1.2) ns as the mean lifetime (τ )
instead of the half-life. This appears to be an error which has
propagated into the literature, and thus only the latter two of
the three values listed constitute independent measurements.
While the remaining half-lives are statistically consistent with
one another, the uncertainties are rather large. The present
experiment provides a tighter constraint on this lifetime.

Figure 3(a) shows the cosine of the angle between the scat-
tered 143Ba nuclei and the emitted γ rays plotted against the

laboratory-frame γ -ray energy detected in GRETINA. Two
components are visible for the 117-keV line; The diagonal
line is from γ rays emitted in flight, while the vertical one
is due to photons emitted after the 143Ba ions have come to
rest. Note that the other photon-emission lines have only a
Doppler-shifted component, and the lifetimes estimated by
GOSIA (see Sec. III B) for all higher-energy levels from
which transitions were observed in this experiment are less
than 100 ps, which indicates that feeding effects can be safely
neglected.

In order to determine the lifetime of the 9
2

−
1 state, a sim-

ulation program was built using the Monte Carlo simulation
toolkit Geant4 [33]. The simulation includes physical de-
scriptions of the CHICO2 and GRETINA detectors as well
as their supporting structures, such as the vacuum chamber
for the PPACs and the frame which holds the GRETINA
modules. Relativistic two-body kinematics calculations were
implemented to model the Coulomb scattering events, includ-
ing the angular distribution of scattered 143Ba nuclei detected
in coincidence with a 117-keV γ ray. The properties of
the target and the beam were also incorporated, including
the target width and material; the energy and energy width
of the beam; the position, direction, size, and angular spread
of the beam at the target position; and the energy and lifetime
of the excited states of the scattered nuclei.

Simulated γ -ray spectra were generated for lifetimes in
the range of 1–20 ns in one nanosecond steps. These spectra
were fit to the laboratory-frame γ -ray spectrum, along with
a background modeled by an exponential function, in order
to determine which lifetime best reproduces the data as deter-
mined by the reduced χ2 statistic. The result of this analysis
is presented in Fig. 3(b). The data and error bars are shown
in black, while the simulation with the best-fit lifetime is
given by the solid red line. The background shape, which was
fixed over the range shown, is represented by the dashed blue
line. The inset shows the distribution of reduced χ2 values.
The minimum of this distribution is taken to be the lifetime,
with the 1σ uncertainty determined by χ2 + 1. The resulting
lifetime is τ = 8.5(6) ns, with both statistical and systematic
effects included in the uncertainty.

B. Coulomb excitation analysis

Intensities for the observed γ rays were extracted in
three scattering-angle ranges covering 25–40◦, 40–55◦, and
60–70◦ in the laboratory frame. The range covering 55–60◦
was shadowed by a support rib on the PPACs, and was there-
fore omitted. Possible unresolved lines from contaminants
were investigated, and the 263-keV γ ray was found to be
unresolved from a 261-keV γ transition in 143La. The yield of
this transition was corrected based on the observed intensity
and branching ratio of the 291-keV line seen in the γ -ray
spectrum, which originates from the same state as the 261-
keV contaminant in 143La [30]. The energy-dependent γ -ray
detection efficiency of GRETINA was measured from 85 to
1408 keV using standard calibration sources of 60Co, 137Cs,
152Eu, and 182Ta and used to correct the measured intensities
in order to determine the absolute γ -ray yield for each excited
state in 143Ba. The long lifetime of the 9

2
−
1 state causes it to
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TABLE I. Matrix elements extracted from the analysis per-
formed with GOSIA. The values in the first and second rows are
determined principally by the measured quadrupole moment of the
ground state and the measured lifetime of the 9

2

−
1

level, respectively.
See text for details.

Ei Ef 〈If |E2|Ii〉 B(E2) (or Q)
Iπ
i (keV) Iπ

f (keV) (eb)a (e2b2) (b2)

5
2

−
1

0 5
2

−
1

0 −1.14(3) −0.86(3)b

9
2

−
1

117.4 5
2

−
1

0 1.44(5) 0.21(2)c

7
2

−
1

263.4 5
2

−
1

0 0.21(3) 5.6(17)×10−3

5
2

−
2

534.8 5
2

−
1

0 0.32(10) 1.7(10)×10−2

11
2

−
1

716.3 9
2

−
1

117.4 0.59(13) 2.9(13)×10−2

13
2

−
1

460.7 9
2

−
1

117.4 1.86(12) 0.25(3)
17
2

−
1

953.8 13
2

−
1

460.7 2.00(27) 0.22(6)

aTo convert from eb to Weisskopf units, divide by 6.7 × 10−2.
bPrimarily constrained by prior measurements [30].
cPrimarily constrained by the 9

2

−
-state lifetime.

decay far from the target position, which modifies the effi-
ciency with which the 9

2
− → 5

2
−

transition is detected. This
change in efficiency was estimated using the previously de-
scribed Geant4 simulation, and the measured intensity was
corrected accordingly.

The coupled-channels code GOSIA [34] was used to ex-
tract matrix elements from the observed γ -ray yields. The
level scheme and data on known mixing ratios, branching
ratios, and multipolarity were taken from the most recent data
evaluation [30] and used as inputs for the calculation. In addi-
tion, the diagonal matrix elements and additional buffer levels
above those shown in Fig. 2 were included in the level scheme
input to GOSIA. The lifetime of the 9

2
−
1 state reported in

Sec. III A and the measured quadrupole moment of the ground
state [30] were used as additional data inputs. Except for
stretched E2 transitions and where otherwise noted in the data
evaluation, transitions were assumed to be of mixed M1 + E2
character. GOSIA was then used to fit the matrix elements to
the experimental data. The 232.4-keV level has an uncertain
spin of either 3

2 or 5
2 ; the minimization was performed with

both values, but the results were not sensitive to this choice.
The fit was repeated several times with the starting values
of the matrix elements randomized in order to remove any
bias based on the starting point of the minimization, although
the nondiagonal E2 matrix elements in Band 1 were chosen
to be positive. A good fit could be achieved in every case
(reduced χ2 < 1), but only a subset of the matrix elements
were well-constrained. These matrix elements are listed in
Table I; the uncertainties reflect both those reported by
GOSIA and the spread in the values across the randomized
trials, which are taken as an additional systematic uncertainty.
The 〈 5

2
−
1 |E2| 5

2
−
1 〉 and 〈 5

2
−
1 |E2| 9

2
−
1 〉 matrix elements are primar-

ily constrained by the quadrupole moment of the ground state
and the lifetime of the 9

2
−
1 level, respectively.

As mentioned earlier, transitions were not observed
from the positive-parity rotational bands, which precludes a

determination of E3 transition strengths. However, the low
γ -ray background in the region of interest does enable
us to set an upper limit on the 〈 15

2
+|E3| 9

2
−〉 matrix el-

ement. To do so, the GOSIA calculations were repeated,
but with the E1 and E3 matrix elements to the 15

2
+

state
included in the minimization. Upper limits corresponding
to the 1σ uncertainty in the number of counts observed
in each angular range were entered as data points to
be fit. The results of the minimization indicated that the
other matrix elements did not change with the addition
of the transitions to the positive-parity band. The resulting
limit on the E3 transition matrix element is 〈 15

2
+|E3| 9

2
−〉

< 0.5 eb3/2.

IV. DISCUSSION

In order to discuss the implications of the present results,
we consider the structure of 143Ba from several perspectives.
First, we present the results of new particle rotor model calcu-
lations and the insight gained by a detailed comparison to the
experimental data. Next, we discuss the description of 143Ba
based on the alignment of the odd neutron and an octupole
phonon, motivated by the comparison of the observed struc-
ture with the 142Ba core. Finally, we return to the primary
question of the degree of octupole collectivity in 143Ba, and
the implications of the established limit for the E3 transition
matrix element.

A. RAT-PRM description of 143Ba

Recently, a Reflection-Asymmetric Triaxial Particle Rotor
Model (RAT-PRM) [21–23] has been developed and applied
to studies of octupole correlations [35–37]. The detailed RAT-
PRM formalism can be found in Refs. [21,22]. The total
Hamiltonian is written

Ĥ = Ĥcore + Ĥs.p., (1)

where the core part is given by

Ĥcore =
3∑

k=1

(Îk − ĵk )2

2Jk
+ 1

2
E (0−)(1 − P̂c), (2)

where Îk and ĵk are the angular momentum operators for the
nucleus and the valence particles, Jk are the moments of
inertia for irrotational flow, E (0−) is the core parity splitting
parameter and P̂c is the core parity operator. The intrinsic
Hamiltonian is given by

Ĥs.p. = − 1
2 h̄ω0∇2 + V (r; θ, ϕ) + Cl · s + D[l2 − 〈l2〉N ],

(3)

with − 1
2 h̄ω0∇2 being the kinetic energy, V (r; θ, ϕ) the

reflection-asymmetric triaxially deformed potential [21],
Cl · s the spin-orbit coupling term, and the standard D[l2 −
〈l2〉N ] term [38]. The single-particle energy can be obtained
by diagonalizing Ĥs.p. and the pairing correlations taken
into account by the Bardeen-Cooper-Schrieffer approximation
[21,39].

The Hamiltonian Ĥ is diagonalized numerically in the
symmetrized strong-coupled basis with good parity and an-
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FIG. 4. The energies E (I ) for the negative-parity bands 1 and
3 (a) as well as for the positive-parity bands 2 and 4 (b) in 143Ba
by RAT-PRM (lines) in comparison with the available data [15]
(symbols).

gular momentum [21], giving rise to the desired eigenvalues
and eigenfunctions. One can then calculate the reduced elec-
tromagnetic transition probabilities, etc. [21].

The quadrupole and octupole deformations are microscop-
ically and self-consistently obtained from covariant density
functional theory [40]. From the functional PC-PK1 [41],
a three-dimensional lattice calculation [42,43] for the con-
figuration νh9/2 provides β2 = 0.2, γ = 0◦, and β3 = 0.115.
With these deformation parameters, the single-particle Hamil-
tonian Ĥs.p. with parameters κ, μ in Ref. [44] is solved in
the harmonic oscillator basis [45]. The single-particle space
is truncated with six states above and six below the Fermi
level. Increasing the single-particle model space does not in-
fluence the band structure in the present work. The pairing
correlations are taken into account by the empirical pairing
gap formula � = 12/

√
A MeV. For the core part, the mo-

ment of inertia J0 = 30 h̄2/MeV, the core parity splitting
parameter E (0−) = 0.45 MeV, and the Coriolis attenuation
ξ = 0.6 were adjusted to the experimental energy spectra. For
the calculations of the electromagnetic transitions, the intrin-
sic dipole, quadrupole, and octupole moments are taken to
be 0.0006 ∗ AZeβ2β3, (3/

√
5π )R2

0Zβ2, and −(6/7)R3
0Zeβ3,

respectively [46].
In Fig. 4, the energies E (I ) calculated by the RAT-PRM for

the negative-parity bands 1 and 3 as well as for the positive-
parity bands 2 and 4 are compared with the available data,
where the numbering of the bands is the same as in Ref. [15].
As demonstrated in Fig. 4, the experimental spectra for these
bands are reproduced well within the RAT-PRM calculations.

Figures 5(a) and 5(b) provide the so-called staggering
plots—the second derivative of the excited-state energies as a
function of spin—for the positive- and negative-parity bands,
respectively. The results calculated by the RAT-PRM are com-
pared with the available data [15]. The RAT-PRM calculations
reproduce the staggering behavior well for both positive- and
negative-parity bands.

Figure 5(c) compares the B(E2) transition strengths deter-
mined in the present work with the RAT-PRM results, both for
intraband and interband transitions. The observed interband
E2 transition between negative-parity bands 3 and 1 is small
and can be well reproduced by the RAT-PRM calculations. For

FIG. 5. The second derivative of the level energies with respect
to spin as a function of spin, also known as the staggering plot, for
(a) the positive-parity bands 2 and 4 and (b) the negative-parity bands
1 and 3 in 143Ba by RAT-PRM (red symbols) in comparison with the
available data [15] (black symbols). Panel (c) shows the experimental
intraband B(E2) of band 1 and the interband B(E2) between band 3
and 1 obtained from the present work in comparison with the RAT-
PRM results (red and green symbols).

the intraband E2 transitions of band 1, the calculated results
slightly overestimate the experimental data.

The octupole deformation β3 contributes to both the dipole
and the octupole moments, which affects the calculated
B(E3) strength and the B(E1)/B(E2) ratios. The calcu-
lated deformation parameters (β2, β3) = (0.2, 0.115) result in
B(E1)/B(E2) ratios which underestimate the reported data
[15], while the B(E3) transition strength exceeds the up-
per limit determined in this work. In order to explore the
sensitivity of these ratios to the octupole deformation, β3

was increased from the value obtained from covariant den-
sity functional theory to several values shown in Table II.
The energy levels, level staggering, and quadrupole transi-
tion strengths remained stable while varying β3. While the
B(E1)/B(E2) ratios did increase as a function of the octupole
deformation, agreement with the experimental data could not
be obtained even with the largest β3 values. In contrast, the
calculated B(E3) transition rates further overestimate the ex-
perimental upper limit. A linear extrapolation suggests that
β3 < 0.06 satisfies the experimental limit on the B(E3) value.
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TABLE II. B(E3; 9
2

− → 15
2

+
) values calculated in the RAT-PRM

for the deformation parameters indicated. The calculated values all
exceed the experimental limit.

B(E3) (e2b3)a

Iπ
i Iπ

f (β2, β3) Theory Experiment

9
2

−
1

15
2

+
1

(0.2,0.115) 0.09283 <0.025
(0.2,0.14) 0.1382
(0.2,0.17) 0.2082
(0.2,0.20) 0.2932

aTo convert from e2b3 to Weisskopf units, divide by 1.2 × 10−3.

B. Particle and phonon alignment in 143Ba

The properties of the quartet of highly interconnected
bands in 143Ba have been suggested to indicate stable octupole
deformation [15]. However, other interpretations are possible,
such as the presence of an octupole phonon. Indeed, given the
modest rotational character of 142Ba [E (4+)/E (2+) ≈ 2.3],
the similarity of the energy spacings of the like-parity bands
in 143Ba to the energies of the 142Ba core, and the strong
level staggering in Figs. 5(a) and 5(b), one might expect a
predominantly rotation-aligned coupling [24] between the odd
neutron and the core, with an additional contribution from
octupole correlations.

In the PRM, the ratio of the Coriolis matrix elements
Hc ∼ h̄2I j/J to the intrinsic level spacings �E ∼ β2h̄ω0

serves as a control parameter defining the characteristics of the
coupling between collective and intrinsic angular momenta.
For Hc/�E � 1, the particle remains strongly coupled to the
core, maintaining the projection of its angular momentum on
the symmetry axis, �, as a good quantum number. When
Hc/�E � 1, a RAL coupling limit is anticipated [24,47]. In
this case, the yrast band has spins I = j, j + 2, j + 4, ... and
energy spacings equal to those of the core; this type of band is
referred to as a decoupled band. The Coriolis �-mixed wave
function can be approximated by [47]:

ψI,yrast ≈
∑
�

d9/2
9/2,�

(π

2

)
|I�〉, (4)

where d j
m′m(θ ) is the Wigner d-matrix. Given the small

quadrupole deformation of 142Ba, for which the core J is
small, and the large j of the case at hand, the RAL limit
is dominant. Note, however, that the 5/2− ground state is
not a member of the decoupled band, which starts at the 9

2
−

bandhead.
In an axially deformed nucleus, octupole vibrations can

manifest themselves with the appearance of oscillations of the
Y ν

λ=3(θ, φ) field, having νπ = 0−, 1−, 2−, and 3− projections
on the symmetry axis [26]. In analogy to the discussion above
for the quasi-neutron, it is also anticipated that the phonon
will align its angular momentum with the rotation axis due
to the Coriolis interaction [25,26], giving rise to a decoupled
octupole-phonon band. In this limit, the wave functions of the

FIG. 6. The alignment plot for 143Ba. The negative-parity levels,
shown by the circles and upright triangles, exhibit significant align-
ment compared to the ground-state band of 142Ba, consistent with a
decoupled band. The further alignment of the positive-parity bands
(squares and inverted triangles) by three units of angular momentum
suggests that they are based on the presence of an aligned octupole
phonon. See text for details.

lowest octupole band can be approximated as

ψI,octupole ≈
∑

ν

d3
3,ν

(π

2

)
|Iν〉, (5)

with the energies following those of the core:

E (I + 2) − E (I ) ≈ E (R + 2) − E (R). (6)

We explore this idea in Fig. 6 with the alignment plot for
the four bands identified in 143Ba relative to the ground state
band of 142Ba. Here I (Eγ ) represents the spin of 142Ba as
a function of γ -ray energy; the vertical axis of the plot is
the difference between the spin of a given level in 143Ba and
this function, while the horizontal axis is the γ -ray transition
energy in 143Ba. A strong alignment of the negative-parity
bands, characteristic of a decoupled band [47], is clearly seen.
We also see that the positive-parity states have even larger
alignment than the negative-parity levels. The excess of about
three units of alignment relative to the negative-parity states
suggests that they are based on an aligned octupole phonon.
This is in accord with the conclusions in Ref. [48] assigning
an octupole vibrational character to most nuclei with Z ≈ 56
and N ≈ 88, similar to the cases of the radon isotopes and
the more neutron-rich isotopes of Ra, Th and U. Therefore, in
143Ba, Fig. 6 suggests a doubly decoupled structure (neutron
and phonon) for the octupole states.

C. The limit on the E3 transition matrix element in the aligned
phonon picture

Returning to the motivating question of the degree of oc-
tupole collectivity in 143Ba, we now explore the meaning of
the experimental limit on the E3 transition matrix element.
The small value inferred for β3 in Sec. IV A indicates that
the assumption of static octupole deformation may not be
appropriate for 143Ba, and suggests instead a dynamic na-
ture. This is supported by the 3h̄ alignment of the octupole
phonon discussed in Sec. IV B. In fact, recent results [49]
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in the framework of the sdf -Interacting Boson Model, with
a mapped Hamiltonian determined from (β2, β3)-constrained
self-consistent mean-field calculations, predict for 142,143Ba a
weakly deformed quadrupole shape with (β2, β3) ≈ (0.14, 0)
and B(E3; 9

2
− → 15

2
+

) = 0.022 e2b3. The predicted B(E3)
value is quite close to the experimental upper limit, while
the quadrupole deformation can be calculated from the
B(E2; 9

2
− → 5

2
−

) transition strength [50]:

β2 = 4π

3ZR2
0

√
B(E2 ↑)/e2, (7)

with R0 = 1.2A1/3. Using the B(E2) strength in Table I gives
β2 = 0.112(5), only slightly smaller than predicted.

The RAL coupling scheme of the aligned phonon picture
corresponds to a π/2 rotation from the symmetry to the rota-
tion axis. Adopting this as our 3̂ axis, we can write

〈3−|E3|0+〉 =
√

7

16π
eQ3. (8)

From Eq. (5) it follows that

Q3 =
∑

ν

d3
3,ν

(π

2

)
Q0

3,ν (9)

in terms of the moments of each individual phonon compo-
nent, Q0

3,ν . It is important to note that Eq. (9) will, in general,
result in a value which is larger than any of the components
in the sum. Therefore, one should be cautious in making
an assignment of octupole deformation directly from the Q3

moment.
In 143Ba, based on the observed alignment relative to the

ground-state band, we have argued earlier that the lowest
octupole band can be explained as a doubly decoupled struc-
ture having both the single particle and the phonon aligned
with the rotation axis. In this case, with the odd h9/2 neutron
effectively being a spectator with respect to the alignment of
the octupole phonon, the E3 matrix element can be expressed
in terms of Eq. (8):

〈
15

2

+∣∣∣∣E3

∣∣∣∣9

2

−〉
≈ 〈3−|E3|0+〉 =

√
7

16π
eQ3. (10)

Thus, the upper limit on the E3 transition matrix element im-
plies a moment Q3 � 1330 e fm3. While there is some overlap
with Q3 = 1730(+450

−620 ) e fm3 for 144Ba, the smaller value of
our upper limit may indicate a reduction in octupole collec-
tivity consistent with that of 142Ba, for which the comparably
high energy of the 3− level provides evidence. Using similar
arguments, one can show that in this coupling scheme the
B(E1)/B(E2) ratios in 143Ba should follow those of the core.
This appears to be in line with the experimental observations
[7,14,15].

As a final remark, it is worth noting that there is cur-
rently still uncertainty regarding the low-lying level scheme
of 143Ba. Many levels below 1 MeV in excitation energy
[30] have unknown spins and parities. While no connection
between these levels and the positive-parity bands is known at
the present time, it is conceivable that such transitions will be
discovered in the future. This could impact the interpretation

TABLE III. The efficiency-corrected γ -ray yields measured in
this experiment, separated into the angular ranges used in the analy-
sis. Y1 corresponds to the angular range 25–40◦, Y2 to 40–55◦, and Y3

to 60–70◦.

Iπ
i Iπ

f Eγ (keV) Y1 Y2 Y3

9
2

− 5
2

−
117.3 8952(462) 6077(379) 1610(178)

( 3
2 )− 5

2

−
228.8 154(65) 171(49) 34(29)

( 3
2 )− ( 1

2 )− 195.6 1077(113) 784(102) 224(57)

( 3
2 , 5

2 )− 5
2

−
232.4 531(94) 463(131) 146(45)

7
2

− 5
2

−
263.4 412(85) 259(86) 87(46)

( 3
2 )− 5

2

−
306.4 933(116) 878(115) 362(68)

( 3
2 )− ( 1

2 )− 272.7 597(109) 509(94) 123(46)
13
2

− 9
2

−
343.3 1682(144) 3157(188) 1353(121)

5
2

− 5
2

−
534.8 657(95) 679(97) 362(73)

5
2

−
( 3

2 , 5
2 )− 302.5 271(85) 216(77) 18(31)

11
2

− 9
2

−
598.9 84(41) 143(51) 36(24)

17
2

− 13
2

−
493.1 87(48) 458(100) 306(62)

of the data that we have presented here; for example, E3 ex-
citation pathways could exist which compete with the 9

2
− →

15
2

+
excitation, thus fragmenting the E3 strength. However,

given the difficulty of drawing definite conclusions on the
basis of speculation about these unidentified levels, we have
restricted our discussion to what is known at this time. Future
experiments to fully elucidate the level scheme—both the
spin-parity assignments of the excited states and the multi-
polarity of the γ rays—would be a great help in achieving a
complete understanding of this nucleus.

V. SUMMARY

In summary, we have reported here several experimental
results pertaining to the structure of 143Ba. We have pro-
vided a new measurement of the lifetime of the 9

2
−
1 state

and reduced the uncertainty of this value significantly. We
also provide several E2 matrix elements connecting mem-
bers of low-lying rotational bands. RAT-PRM calculations are
presented, which are able to reproduce the level staggering
well and the B(E2) values fairly well, but overestimate the
octupole collectivity. Alignment plots and the energy-level
staggering indicate that 143Ba is well described by a decoupled
band structure, which the RAT-PRM calculations indicate is
based on a νh9/2 configuration. Furthermore, we propose that
the octupole collectivity in this nucleus can be attributed to an
aligned octupole phonon, and that 143Ba can thus be consid-
ered to exhibit a doubly decoupled structure; i.e. a decoupled
neutron and a decoupled octupole phonon coupled to the
weakly quadrupole-deformed 142Ba core.
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APPENDIX: EFFICIENCY-CORRECTED γ-RAY YIELDS

The efficiency-corrected γ -ray yields measured in this ex-
periment are provided in Table III.
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