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Background: Quadrupole moments of excited nuclear states are important observables for geometrically
interpreting nuclear structure in terms of deformed shapes, although data are scarce and sometimes ambiguous,

in particular, in neutron-rich nuclides.

Purpose: A measurement was performed for determining the spectroscopic quadrupole moment of the 2| state
of “OBa in order to clarify the character of quadrupole deformation (prolate or oblate) of the state in its yrast

sequence of levels.

Method: We have utilized a new combined technique of lifetime measurement at REX-ISOLDE and MINIBALL
using the Doppler-shift attenuation method (DSAM) and a reorientation analysis of Coulomb-excitation yields.
Results: On the basis of the new lifetime of T(2]) = 10.4¥3 ps the electric quadrupole moment was determined
to be Q(2]) = —0.52(34) eb, indicating a predominant prolate deformation.

Conclusions: This finding is in agreement with beyond-mean-field calculations using the Gogny D1S force and
with results from the Monte Carlo shell-model approach.

DOI: 10.1103/PhysRevC.86.034310

I. MOTIVATION

The properties of the ground states and low-lying excited
states of many atomic nuclei can be attributed to the cor-
related or collective motion of their nucleons in terms of
surface oscillations or rotation of a permanently deformed
spatial distribution. They reflect the structural changes when
progressively more particles or holes are added to closed-shell
nuclei, at first softening the (spherical) nuclear potential and
then resulting in a deformed equilibrium shape.

The isotopic chain of the even-N Ba isotopes exhibits
rather peculiar patterns of structural evolution. When neutrons
are successively removed from the N = 82 neutron-shell
closure, the collectivity of Ba isotopes increases and drives
their shape from spherical toward considerabe deformation,
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passing a transitional region with soft triaxiality [1]. In the
neutron-rich Ba isotopes with N > 82 the semimagic '*Ba
is spherical, whereas '“*Ba has a Ry, = E(4])/E(2]) ratio
of ~2.98, closer to a deformed axially symmetric rotor.
There is evidence for octupole correlations in the mass region
around A ~ 146 (Z = 56, N ~ 90) that may influence the
properties of nuclei already at low excitation energies since
the resulting gain in binding energy is sufficient to stabilize
permanent octupole deformations [2,3]. Still, low-lying
energy levels with positive parity and electrical quadrupole
transition probabilities of neutron-rich Ba isotopes have been
successfully described throughout the transitional region in
the framework of the Monte Carlo shell model based on a
quadrupole-plus-pairing approach [4].

Indeed, in many nuclei deformation is predominantly
of quadrupole nature [5]. Therefore a key observable to
characterize the intrinsic nuclear shape in an even-even nucleus
is the static quadrupole moment of the 2] state used in
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conjunction with a collective model [6]. Together with the
E?2 transition rates it provides a sensitive tool for the study
of spherical-to-deformed shape transitions. Since for lifetimes
below ~10 ns no direct method is available to determine the
static quadrupole moment of excited nuclear states, the reduced
electrical transition probabilities and lifetimes have to be used
in order to obtain the spectroscopic quadrupole moment and
nuclear deformation of these states [7].

In particular, the reorientation technique [8] can be used
for the measurement of the spectroscopic quadrupole mo-
ment. It makes use of the fact that in Coulomb-excitation
experiments, apart from the transitional matrix element
Myy = (0T||M(E2)||2f'> the cross section a(2f’) depends,
to a smaller extent, also on the diagonal matrix element
My = (2T||M (E2)| |2f). The latter is related to the spectro-
scopic quadrupole moment: Q(ZT) = 0.758 M,. Therefore,
the Coulomb-excitation yield can be used for extracting in-
formation on the quadrupole moment Q(27). The well known
relation between the B(E?2) value and lifetime t has then to be
used to constrain the possible value of the M5, matrix element
sufficiently precisely in such a Coulomb yield analysis. The
importance of precise lifetime information as a sine qua non
for the interpretation of data from reorientation experiments
has been demonstrated recently when determining the sign
of the spectroscopic quadrupole moment of the 2] state in
0Se [9,10].

The uncertainty of the current literature value of t = 14.0 +
5.9 ps for the 2;“ state of 1“9Ba [11] does not, however, permit
this kind of analysis. Therefore a complementary lifetime
measurement needs to be performed using the Doppler-shift
attenuation method (DSAM). In order to efficiently use the
precious beam time for intense radioactive beams and for
minimizing systematical errors, it is desirable to do both mea-
surements using the same setting of the radioactive beam. This
approach differs from preceding experiments at MINIBALL
applying the reorientation method with Coulomb-excitation
reactions [9,12].

In this paper we will report on the measurement of the sign
and magnitude of the spectroscopic quadrupole moment of
the 2| state in neutron-rich unstable '*°Ba using a unique
combination of the reorientation technique and the DSA
method for the same setting of the radioactive beam.

II. EXPERIMENTAL DETAILS

Radioactive Ba isotopes were produced at the ISOLDE
facility at CERN by bombarding a UC, target with a 1.4 GeV
proton beam. BaF™ molecules were extracted to suppress the
strong contamination from Cs. The BaF'™ molecules were
trapped (REX-TRAP) and then cracked and Ba ions were
charge-bred in the electron beam ion source (EBIS). A beam
of '“Ba ions was post-accelerated to an energy of 392 MeV
(2.8 MeV /u) by the REX-Linac. A particle rate of about 103 /s
was available at the secondary target position. The ions were
Coulomb-excited in two subsequent runs on a 0.9 mg/cm?
%Mo target and on a 1 mm thick "*Cu target. The latter was
thick enough for continuously slowing down the beam ions
until they came to rest within the target. During the stopping
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FIG. 1. Background-subtracted particle-y coincidence spectra
applying Doppler correction with respect to the (a) projectile or
(b) recoiling target nuclei showing the only observed transitions,
namely the 2} — O} transitions in '*°Ba at 602 keV and in **Mo at
778 keV.

process the measured energies of the deexcitation y rays of
the (2] — 07) transition of Coulomb excited '“"Ba ions are
changed under the influence of the Doppler shift, resulting
in a characteristic lineshape of the photopeak. All excited
ions come to rest within 3 ps after their Coulomb excitation.
The deexcitation y rays were detected in the high-purity
germanium cluster array MINIBALL covering about 27 of
the solid angle [13]. The 20 HPGe crystals covered angles 6,
between 43° and 77° and between 109° and 136°. In the case
of the Mo target, the projectile- and target-like recoil ions were
detected in forward direction in coincidence with the emitted
y rays in a double-sided silicon strip detector (DSSD) with an
opening angle of 6, = 16.4°-54.2° [14].

Figure 1 shows the sum of the y-ray spectra of all detectors
of the MINIBALL array with Doppler correction for the
Coulomb-excited '“°Ba projectiles (a) and *®Mo target recoils
(b) in coincidence with the particle signals from the DSSD. No
y-ray transitions other than the deexcitation of the 2| states
to the ground states at 602 keV for '“°Ba and at 778 keV for
%Mo were visible.

III. ANALYSIS AND RESULTS
A. DSAM analysis

In the present work a lifetime measurement was performed
applying the Doppler-shift attenuation method. The lifetime
of the 2 state of “°Ba was deduced from individual DSAM
fits for each of 18 crystals of the MINIBALL cluster detectors
using the modified version of the program package LINESHAPE
[15] of reference [16] and from a simultaneous fit to the 18
energy spectra using the newly developed program package
APCAD [17].

From the individual fits, neglecting the angular distribution
of the transition and the low-energy tail resulting from neutron
damage, a first estimate for the lifetime of t21+(140Ba) =
12.5(6) ps was obtained. Then, the aforementioned effects
have been included in the global fit using APCAD. In order
to reproduce the low-energy tailing in the peak shapes due
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FIG. 2. (Color online) Panels (a) and (b) display the stopped 0; — 1] transition in “°La from 8 decay of '*°Ba. Low-energy tails of the
y-ray lines appear due to partial neutron damage of the detectors. Dashed lines show a symmetric Gaussian peak shape compared to the fitted
shape accurately, reproducing the described effect (solid). The Doppler-broadened lineshapes of the 27 — 0} transition in '*°Ba for (c) 49°
and (d) 133° are shown after background subtraction. The spectra are shifted by + 20 counts per channel for better visibility on the logarithmic
scale. The full fits are represented by solid lines; the corresponding peak shapes without the effect of neutron damage are dashed. At forward
angles the Doppler lineshapes are not significantly disturbed by any low-energy tailing due to partial neutron damage of the Ge detectors. Panel
(e) shows the x2 values for the combined fit to the lineshapes detected in 18 crystals as a function of the lifetime of the 27 state ( szed,min =

0.92).

to neutron damage, the detector response was modeled by
a HYPERMET-like function from Ref. [18] and references
therein. The parameters of the response functions have been
determined individually for each crystal from a fit to the
peak shape of the Doppler-free (0; — 1) transition in '*’La
at 537 keV following the B decay of '“Ba. As a second
major improvement compared to the LINESHAPE analysis,
the influence of uncertainties of the stopping powers on the
extracted lifetime has been quantified in a consistent way.
The stopping matrices describing the Coulomb excitation
and slowing-down process of the heavy ions in the target
have been calculated from a Monte Carlo simulation based
on the GEANT4 framework [19] using the stopping powers
from Refs. [20-22]. The stopping powers have been varied by
+5% for the electronic stopping and £20% for the nuclear
stopping, thus reflecting their increasing uncertainty at low
ion velocities. Examples for DSAM fits for one crystal in the
forward direction and one crystal in the backward direction are
shown in Figs. 2(c) and 2(d) together with the corresponding
response functions fitted to the (0; — 1) transition in 1401 .
From the global fit a lifetime of

- ("'Ba) = 10.4735 ps

was obtained, in good agreement with the literature value but
with significantly improved accuracy. With fé:; ps the system-
atic uncertainties of the stopping powers clearly dominate the
uncertainty of the final result. The statistical significance is
demonstrated in Fig. 2(e).

B. Reorientation analysis

For the 2 state both the transitional and the diagonal matrix
elements, M,y and M,,, affect the Coulomb-excitation cross
section o ¥’ Using the multiple Coulomb-excitation codes CLX

and DCY [23] these matrix elements are varied such that the
experimental y yields (cf. Table I) are reproduced. The mutual
dependency of ¥ on My and M», results in a band in the
(M»,, M»p) plane restricted by the required reproduction of
the observed Coulomb-excitation cross section. The projectile
excitation is normalized to the excitation o7 of the 2| state of
%Mo, taking also the angular distribution W (8) of the y rays
into account by

NS T we)y

P
Moy, Myy) = —L- S 20T
o (M, M) NT <7 weyr’

(1

The main contributions to the uncertainty are the statistical
errors of the experimental y yields N,, from projectile ('4Ba)
and target excitation (*®Mo) as well as the uncertainty in the
matrix elements of **Mo. The efficiency of the germanium
detectors is denoted by € and has an uncertainty of approx.
1%—2%. Figure 3 illustrates the increasing impact of the M»;
matrix element on the differential Coulomb-excitation cross
section as the scattering angle of the projectile-like recoils
increases. This is best shown by the relative sensitivity

§— O‘P(M22 = +1.2M20) - O‘P(M22 = —1.2M20)
B oP(My = 0) ’

defined as the relative variation of the cross section with the
quadrupole moment ranging from prolate to oblate within the

2)

TABLE 1. Summary of the measured yields for the different
ranges of scattering angles (not efficiency corrected).

Ring (DSSD) O TaNgE 140Ba %Mo

1+2 16.4°22.9° 2717(35) 1442(39)
344 23.0°-28.9° 3089(59) 1759(43)
5+6 29.1°-34.3° 2465(52) 1453(39)
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FIG. 3. (Color online) Differential Coulomb-excitation cross
sections for the excitation of the 2 state in '*°Ba as function of the
scattering angle in the laboratory frame for diagonal matrix elements
My = 0 eb (solid curve) and for My, = £0.832 eb = £+1.195M,
which represent the rigid rotational limit for the M,y matrix element
derived from the present lifetime. Each of the vertical bars (gray)
illustrates the angular coverage of the corresponding rings of the CD
detector. The relative sensitivity on Q is denoted by S [Eq. (2)].

rigid rotational limit. In order to maximize the sensitivity to
M>;, and related to this, to the quadrupole moment Q, three
different scattering-angle ranges were defined. '“°Ba ions with
scattering angles 0}, = 16.4°-22.9°, 23.0°-28.9°, and 29.1°—
34.3° have been selected that correspond to two rings of the
DSSD in each case.

A maximum-likelihood analysis (see Ref. [12]) finally
yields a spectroscopic quadrupole moment of

0(2}) = —0.52(34) eb.

In Fig. 4 the contour curves in the (Mp,, My) plane from
the analysis of the experimental Coulomb-excitation yields
and the lifetime analysis are shown. In addition, the results
are summarized in Table II. The normalization to the target
excitation [Eq. (1)] introduces also a dependency on the
matrix element Ma, = (27| E2[|2]) of Mo from which two
different values, My, = +0.05(10) eb and M», = —0.26(11)
eb, are reported in the literature [24]. The usage of the positive
but small value of M,; = +0.05(10) eb in the analysis of the
present work would drive the quadrupole moment of '“°Ba
beyond the limits of the rigid rotor. This finding is supported
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FIG. 4. (Color online) The bands for the different scattering-angle
regimes show the agreement of the calculations with the experimental
yields. The lifetime measurement provides the horizontal band as
the allowed region of the transitional matrix element (2/||E2||0})
(dashed line for the most likely value). Vertical dashed lines give the
rotational model values (M, = = 1.195My) of a pure prolate or
oblate rotor.

by arecent measurement of Q(27%) in “*Mo yielding a negative
diagonal matrix element of —0.44(5) eb [25]. Therefore a
weighted average of the two negative values for M, is used
in the analysis.

Due to the low beam energy at ~65% of the Coulomb
barrier, no transitions other than the (2 — 0]) one were
observed. However, the influence of higher-lying states,
namely the two-phonon states 23“ and 4?’, has been considered
as well in the Coulomb excitation calculation for an accurate
estimate of experimental uncertainties of the results. To
that end the unknown E2 matrix elements of the transitions
(4;r — ZT) and (23’ — ZT) have been chosen such that the
corresponding photopeaks would just meet the sensitivity
limit given by the y background in the spectrum. Further
corrections result from the population of the ZT state via the
2; state, which gives rise to an interference term P3(2T) =
OF IIM(E)|121) 2] [IM(E)I125)(0F [IM(E2)I125)  [26].
The influence of this interference is small (*5%-10%) for the
used beam energy but was considered in the analysis as well.

TABLE II. Comparison of experimental results for the transition 2] — 0/ with theoretical calculations. The previously measured value is
indicated by “Literature” and published in Ref. [11]. “Theory” values belong to Monte Carlo shell-model calculations [4] and EDF calculations

including beyond-mean-field effects.

Nucleus Experiment Literature Theory
T Matrix elements B(E2) 1, Qs B(E2) 1, O B(E2) 1, O
(ps) M.E. (eb) (e’b?), (eb) (€?b?), (eb) MCSM EDF
1408, 104753 2HIE21107) 0.696 007 0.4847 0958 0.45(19) 0.33 0.594
27 11E2(12]) —0.69(45) —0.52(34) n.m. -0.51 —-0.522
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FIG. 5. (Color online) Systematics of excitation energy and
B(E2) value in W.u. (a) and Q moment (b) for the first excited
21+ states in the even Ba isotopes with 130 < A < 146. The ratio
E(27;82 — Xy)/EQ2};82+ Xy) — 1 is shown (c) and analogously
B(E2;82 + Xy)/B(E2;82 — Xy) — 1 (d) to highlight the specific
mirror symmetry of the transition strengths around N = 82. All
B(E?2) values are given in W.u. in order to account for a simple
size effect.

For the 2; state also the sign of the connecting matrix element
has been varied (constructive and destructive interference).
These effects have been included in the estimate of the
experimental uncertainty of Q(2) given above. They do not
affect the conclusion on a predominant prolate deformation
of the 2] state.

IV. DISCUSSION

A. Systematics

Experimental results are summarized in Table II and com-
pared to predictions from our energy density functional (EDF)
calculation and results from the Monte Carlo shell model
(MCSM) [4]. The new lifetime 7(2]) = 10.475 ps in 1“°Ba
with significantly improved accuracy over the current literature
value [11] corresponds to a B(E2) 1 value of 0.484 10038 2h2,
This is close to the B(E2;0;r — 2;”) value of 0.412(8) e*b?
in **Ba which is the neutron particle-hole partner nucleus
to '“OBa with respect to the N = 82 shell closure. The new
result affirms the observation of a distinct symmetry in the

PHYSICAL REVIEW C 86, 034310 (2012)

electrical transition probabilities of the first excited states
in the even-A Ba isotopes with respect to the N = 82 shell
closure (see Fig. 5). In particular, the irregular pattern for the
ZT excitation energies and B(E?2) 1 values discovered in the
N = 82 particle-hole partners '3°Sn—13*Sn and !¥2Te-'3Te
[27] attributed to a reduced neutron pairing gap in the latter
isotopes [28] does not exist in their nearby isotones 136Ba—
140Ba. The electrical transition probabilities in the even-even
Ba isotopes exhibit instead an astonishing symmetry around
N = 82. This is in contrast to the evolution of the excitation
energies, E (2;’), as a function of neutron number. For those one
observes a considerable asymmetry around N = 82, where the
ratio E(N = 82 — Xy)/E(82 4+ Xy) deviates from unity by
up to 150% [Fig. 5(c)]. The different structure of Ba isotopes
above and below the N = 82 shell closure is also emphasized
by the evolution of the quadrupole moments, Q(ZT), as shown
in Fig. 5(b).

B. Monte Carlo shell-model calculations

The slightly prolate average deformation of the 2 state of
140Ba with a spectroscopic quadrupole moment of 0QRhH =
—0.52(34) eb confirms remarkably well the predictions of
Monte Carlo shell-model calculations and the energy density
functional (EDF, see below). The former, using a two-body
effective interaction including monopole and quadrupole
pairing, quadrupole-quadrupole interactions, and axially sym-
metric bases, describes microscopically the evolution of
properties of quadrupole collective states throughout the shape
transition path from '*¥Ba to "°Ba [4] with the variation
of valence particles only. Although the calculated B(E2) 1
value in '“°Ba is smaller than our experimental result, the
spectroscopic quadrupole moments are in excellent agreement.
The corresponding level scheme in Fig. 6(c) agrees quite well
with the experimental one in Fig. 6(b), including the moment
of inertia and the inverted order of the 05 and 27 states. The
agreement of the yrast level schemes is slightly improved in
comparison to Fig. 1(a) of Ref. [4] by including the triaxial
degree of freedom.

(a) EDF (b) Experiment (c) SM
5 -
4 -
>
©
ED 8+ +
5] —_—
g 2 + 2" + %
6 0" 6+ o=
+ 4’ —
1k 4 0.095 6.026
2" 2t Y
0.097(8) 0.071
0+I o —r—

FIG. 6. (a) Energy levels calculated with the Gogny D1S density
functional including beyond-mean-field effects. (b) Experimental
level energies taken from Ref. [37] and B(E?2) | from this work. (c)
Exact shell-model (SM) calculations using the P + Q Q interaction
from the MCSM [4].
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C. Energy density functional

In order to obtain a more detailed understanding of the
intrinsic deformation of the ground-state band and low-energy
structure of '““Ba, we have applied state-of-the-art energy
density functional (EDF) methods based on the Gogny D1S
functional [29] to compute the spectrum and reduced transition
probabilities of '“*Ba. These techniques are suitable to study
the intrinsic quadrupole deformations of the system (B,, )
because these degrees of freedom are taken into account
explicitly in the calculations in a self-consistent manner. More
details about these methods can be found in Refs. [30,31] and
therein.

The two major limitations of the model used here are
the conservation of parity and time-reversal symmetries of
the intrinsic wave functions. The first one restricts the study
to positive-parity states and neglects the influence of the
octupole degree of freedom that could play a role in this
region. However, axial mean-field calculations with the Gogny
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FIG. 7. (Color online) Distribution of prob-
0.05 ability in the triaxial (8,, y) plane (y in degrees)
' for the states belonging to the first two bands cal-
culated with the Gogny D1S density functional
including beyond-mean-field effects.
0
0.1
0.05
0

interaction show that octupole static deformations are not
found in the potential energy surface for this specific isotope
[32-34]. The second restriction limits the description of the
moments of inertia and, therefore, the quantitative precision
of the energy levels [35,36].

In Fig. 6(a) the results of the calculated spectrum are shown.
These levels are sorted in bands according to their B(E2)
values. It is observed that the ground-state band corresponds
to a sequence of states with positive parity and AJ = 2 almost
equally spaced representative of a vibrational character. The
second band is also compatible with a vibrational band for
the levels 2;' s 4;, and 6;“ . However, the band head does
not correspond to the 05 state which is higher in excitation
energy than the 27 state. It is important to note that the
correct ordering of these levels is only reproduced if the
triaxial degree of freedom is included. The experimental levels
also show a vibrational ground-state band, and the 2;' state is
below the 05 state. Nevertheless, although a good qualitative
description of the data is obtained, the theoretical spectrum
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appears more stretched. This is a common feature of this
kind of method and is due to a poor description of the
moments of inertia whenever the time-reversal symmetry is
conserved, as in the present case [36]. Concerning the reduced
transition probabilities, the calculation predicts that the 05
state decays mainly to the 2] state and the latter one to the
ZT state, both possibly indicating pronounced y softness. It
is also observed that the calculated B(E2, 2;“ — OT) value is
higher than the experimental value obtained in this work. It is
important to mention that no effective charges are used in these
methods.

We now analyze the intrinsic shapes of the states given
in the spectrum, studying their corresponding collective wave
functions. In Fig. 7 the distribution of probability of having a
given deformation in the (8, y) plane for different states J;
is shown. In the figure, the vertex corresponds to the spherical
point, the y = 0° and 60° directions correspond to prolate
and oblate axially symmetric shapes respectively, and the rest
of the plane corresponds to purely triaxial shapes. Here one
sees clearly that the ground state presents a slightly deformed
configuration B ~ 0.1 with substantial y softness, and the 2,
and 47 states belonging to this band have their probabilities
peaked at a larger, more prolate deformed shape around g, ~
0.13, y = 5°; similar distributions are also obtained for 6f'
and ST states (not shown). On the other hand, the first excited
O;r state presents a maximum at (8, = 0.17, y = 0°) while the
2; and 4; states show maxima located in the oblate-triaxial
part at (8, = 0.13, y = 45°). The differences and similarities
between the corresponding collective wave functions help us
to understand the values of the transition probabilities given
in Fig. 6. In addition, this result is in agreement with the most
probable prolate character of the 2] state found experimentally
(Fig. 4).
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V. SUMMARY AND CONCLUSION

In the present work we have presented results of a com-
bined analysis of a DSAM lifetime measurement and of the
reorientation technique in Coulomb excitation of a radioactive
nucleus, for the measurement of the spectroscopic quadrupole
moment of the 2] state in unstable neutron-rich '*°Ba. With
the new lifetime 7(2]) = 10.473% ps, a prolate deformation
was obtained, indicated by a quadrupole moment Q(2}) =
—0.52(34) eb. The result agrees with predictions from Monte
Carlo shell-model calculations and state-of-the-art energy
density functional methods. Both theoretical approaches re-
produce the experimentally deduced deformation of '“°Ba
without the incorporation of octupole correlations. From this
one may infer that octupole correlations are insignificant
for the properties of the 2] state of '“"Ba. It has been
pointed out that the choice of axial or nonaxial symmetry
in the Monte Carlo shell-model calculation has only little
impact on the calculated Q moments of 138Ba and '“OBa [4].
However, triaxial deformation has to be included in the EDF
calculations in order to reproduce the correct ordering of
the 25 and 0 states. In addition, it suggests an increasing
prolate deformation with increasing spin number for the
ground-state band, i.e., considerable centrifugal stretching, but
oblate-triaxial configurations for the 0, 25, and 4] states.
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