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Lifetimes of excited states in octupole-collective 14>'4Ba nuclei
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Lifetimes of excited states have been measured for the positive-parity rotational bands in neutron-rich 4>1%Ba
as well as the 7~ and 9~ states of the negative-parity band in '**Ba using the differential Doppler shift method. The
deduced quadrupole moment, Q,, of the positive-parity band decreases with angular momentum and overall shows
good agreement with earlier measurements. The measured lifetimes of 7~ and 9~ states are used to determine
the electric dipole moment, Dy = 0.17(3) and 0.09(1) e fm, respectively, in the negative-parity octupole band of

144Ba
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The shapes of excited nuclear states are strongly influenced
by the rearrangement of the constituent nucleons and their
collective motion. Various theoretical models have been put
forward to describe the complex shape evolution of deformed
nuclei, and the existence of pear-shaped octupole deformation
was predicted from reflection-asymmetric mean field calcula-
tions [1-6]. These “quasi-molecular” states have shapes that
are similar to the asymmetric molecules such as HCI, with
rotational bands of alternating-parity states. The occurrence of
an island of octupole deformation for Z ~ 56 and N ~ 88 and
light actinides (Z ~ 90 and N ~ 134) has been verified from
the observation of low-lying negative-parity states connected
to yrast positive-parity states by strong electric dipole (E1)
transitions [7—13]. The electric dipole moment, Dy, which
arises from the displacements of the centers of proton and
neutron distributions in the nucleus, is expected to be signif-
icantly large for the octupole-deformed nuclei. In the past,
Dy has been determined experimentally using the measured
B(E1)/B(E?2) ratios and an estimated transition quadrupole
moment (Q;) [7-9]. However, the quadrupole moment does
not remain constant with the angular momentum of the excited
states [14] and hence the deduced D, values will depend on
the model assumptions. Although nuclear shape correlations
are studied in several neutron-rich nuclei, the influence of the
octupole deformation on the lifetimes of the excited states has
not been explored. The motivation of measuring the lifetimes
of the excited states is to determine the quadrupole and electric
dipole moments which provide crucial information on the
octupole correlations in nuclei.
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Lifetimes of low-lying states in some neutron-rich nu-
clei have been measured earlier using the Doppler profile
method [15,16], the direct timing of B-delayed y rays [17]
and also the recoil distance method [18]. Recently, the
differential Doppler shift method (DDSM) has been used
for measuring lifetimes covering a range from picoseconds
to nanoseconds for many neutron-rich nuclei produced in
spontaneous fission [19-23]. In the present work, we report
the measured lifetimes of 2+ and 4% states in '“’Ba as
well as the 2+, 4%, 6%,8%, 77, and 9~ states in '**Ba.
The lifetime measurements have been carried out using the
differential-plunger technique, together with Euroball and the
SAPhIR multidetector array. A >2Cf source of total 60 pCi
activity, was electroplated over a circular area of 5 mm in
diameter at the center of the front face of a hollow Cu cylinder.
The experiment was performed by mounting the plunger
device and the SAPhIR array inside the Euroball detector
array that comprised clover, cluster, and tapered Ge detectors.
The special configuration of the SAPhIR array used in this
experiment had 48 solar cells, each of area 12 mm?, and was
mounted at a distance of 8 cm from the center of the Euroball
array. More detail of the experimental arrangement and the
differential plunger device has been reported earlier [19].

For each fission event, one of the fragments emanating from
the 232Cf source stops in the Cu backing. The other fission
fragment, when emitted at angles less than 50° to the Euroball
axis, passes through a stretched Au/Ni foil (thickness ~2—
3 mg cm™2) losing about 50% of its energy before being
detected in the SAPhIR array. The source-to-foil distance
(D) was varied by changing the position of the source, and
measurements were carried out for 17 distance settings ranging
from 14 to 7630 um. The zero point of the distance scale
was set through an examination of the capacitance as a
function of distance. Distances relative to this point were taken
directly from the micrometer readings. The uncertainty in
the measurement of D is less than 10% for large distances
(>200 um) and is about 20% for small distances. The
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y-ray energy, time, and detector number were recorded onto
magnetic tape when an event was detected by the Euroball
and SAPhIR. After energy calibration of the solar cells and
the y-ray detectors, the data were sorted into two-dimensional
y -y coincidence matrices with a condition set on the fragment
energy to select only the heavy fragments entering the SAPhIR
cells. This included the y rays emitted from fragments of
different velocities viz: (i) light fission fragments stopped in
the Cu backing, (ii) heavy fission fragments moving with full
velocity (Brs) before the foil, and (iii) heavy fission fragments
moving with partial velocity (Bps) after the foil.

For data analysis, the level schemes of '#14%4Ba isotopes
were taken from earlier measurements [7,9]. The Doppler
corrections applied to the measured y ray of energy E emitted
at an angle 6 to the direction of the fission fragment were as
follows:

E
Epg= ———— 1
Fs (1 4 Bgs cos ) M
and
E
Epg=——— @

(1 + pps cos 0)

where Eps and Eps are known as the fully and partially
shifted y-ray energies, respectively. For each distance, the
two-dimensional matrices were produced for Eps vs, Eps, Eps
vs, Egs, and Egs vs, Ers. These two-dimensional matrices
were utilized to apply single gates to either partially or fully
shifted decays from the nucleus of interest to view either Epg
or Ers. To ensure that the gates on the Doppler shifted energies
were velocity sensitive, only detectors with angles for which
cos® > 0.5 are considered in the analysis. The solar cells
suffered from a pulse-height degradation during the course of
the experiment due to radiation damage, and a time-dependent
calibration was applied for the velocity calculation. However,
the deteriorating energy resolution of the solar cells did not
have any significant effect on the velocity calculation and,
hence, the Doppler correction could be applied satisfactorily.
Figure 1 shows typical energy spectra of Eps for the
distances of 14, 106, 630, and 7630 ;um with gates on 2t — 0
(199.3 keV) and 67 — 41 (431.4 keV) in "**Ba. The line

RAPID COMMUNICATIONS

PHYSICAL REVIEW C 71, 011301 (2005)

shape of the y-ray energy spectra shows a gradual change
from the smaller distances to the larger distances. The fraction
of y rays emitted from the fragment before and after the foil,
depends on the distance D and the lifetime of the excited states.
The energy spectra for the fully shifted (indexed as FS) and
partially shifted (indexed as PS) y-ray energy of '“‘Ba are
plotted in Fig. 2, for the shortest (D = 14 um) as well as
largest distance (D = 7630 um). The line shape spectra were
obtained in two different ways: first setting a gate on Egs and
taking a projection on the Efg of yrast transitions for '4Ba to
obtain the FS energy spectra. Second, the PS energy spectra
were obtained from a gate on the partially shifted lines in Epg
and taking a projection on the Eps. To increase the statistics
for the E'1 transitions, the gates were set on the three dominant
yrast transitions of the positive-parity band, and the data were
added together. At the short distances, the y rays for all the
transitions are predominantly emitted after passing through
the foil. A single peak is observed at the expected position in
the PS plots, once the Doppler correction is applied [see
Fig. 2(a)]. In the FS plots, the fully shifted component
was represented by a Gaussian center on the known
y -ray energy, whereas the wrongly Doppler-corrected partially
shifted components appear as broad bumps on either sides of
Ers. At large distances, the y-ray spectrum of the 2+ — 0
transition (for which the lifetime is expected to be long) will
be an admixture of fully and partially shifted components and
appear as a broad peak both in PS as well as FS plots. However,
for all other transitions, the y rays are mostly emitted before the
foil and the spectra will have wrongly corrected fully shifted
components in the PS plots [see Fig. 2(b)]. The complementary
behavior has been observed in the FS plots, where a single peak
is seen at the expected energy.

The evolution of line shapes for different excited states
is very sensitive to the source-to-foil distances. The data
corresponding to the full range of distances were fitted
together, with a common centroid, width parameters, and
background regions. The fit to the PS and FS line shape
spectra (following the procedure discussed in Ref. [19]) are
obtained for all the transitions, and the fits are shown in Fig. 2
by the superimposed lines. The two-component fit of each
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FIG. 2. The y-ray energy spectra of '*Ba for the
E2 transitions 2T — 0% (199.3 keV) and 4" — 27
(330.7 keV); the E1 transitions: 7~ — 67 (393.8 keV)
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and 9- — 8% (302.3 keV) projected on the partially
shifted (indexed as PS) as well as fully shifted (in-
dexed as FS) y-ray energies for (a) D = 14 pum and
(b) D = 7630 um. The fits are shown with solid lines.
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y-ray line shape spectrum provides the fractional count of
the partially shifted (Fps) component, which is obtained from
the ratio of the partially shifted counts (Npsg) to the total
counts in partially and fully shifted (Ngs) components, i.e.,
Fps = Nps/(Nps + Ngs). From the fitting of the line shape
spectra in the PS and FS plots, the average value of Fpg is
obtained for each distance.

To obtain the mean lifetime () of different excited states,
Fps is plotted as a function of distance D. These data are fitted
by simulating the decays of the known level scheme in which
the lifetimes of various states were free parameters in a fit to the

295 305 315

Fpg data. The consistent fitting of the decay curves corresponds
to a numerical solution of the coupled equations that consider
the rate of the population as well as decay of a particular state
with known branching ratios. For the states where a side-
feeding component was present, the curves were simulated by
assuming an unobserved single state with variable mean life.
The decay curves are plotted in Fig. 3 along with the fits (shown
by solid lines), for the 2+ — 0T and 4T — 2% transitions
in *2Ba as well as 2t — 0,4t — 2+ 6T — 4+ 8t —
67,7 — 67, and 9~ — 87 transitions in **Ba. For **Ba
the statistical fitting error of the energy spectra to obtain Npg

RAPID COMMUNICATIONS

1.2 : S —
144 144
Ba Ba
0.8 [ e L LR
0.4 r + ]
0 KRR . =L LA R

011301-3

FIG. 3. Decay curves of fractional yields for partial
components (Fps) as a function of distance between the
source and the degrader foil (D) for E2 transitions in
142.144Ba and E 1 transitions in '**Ba. Fits to the data are
shown by solid lines.
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TABLE 1. Lifetimes, 7, and transition quadrupole moments, Q,, for the yrast bands of '“>'“Ba. For comparison previously measured

values are also presented.

Nucleus 17 (h) E, (keV) TPt (ps) TPrevious (pyq) O™ (eb) Qf'evms (eb)

144Ba 2F 199.3 1140 £ 70 1024 + 40° 338 +£0.12 3.29 + 0.06*
4+ 330.7 71+£6 49 £ 7* 330+ 0.16 3.80 £ 0.30*
6" 431.4 21.8 £ 2.1 29 £+ 6° 2.83 +£0.16 247 +0.27¢
8" 509.3 103+ 14 — 2.66 £ 0.20 —
7 393.8 2.7+09 53+ 1.0¢ 73+ 14 5.2 £0.6¢
9~ 302.3 13.9+4.0 — 2.30 £ 0.37 —

192Ba 2+ 359.6 119 £ 12 93.79 £ 2.9* 240 £0.11 2.67 £0.03*
4+ 475.1 249 + 3.7 17.17 £ 1.3° 2.18 £ 0.09 2.63 +0.10°

“Ref. [17].

"Ref. [18].

‘Ref. [20].

dRef. [23].

and Ngg is about 5% for the excited states in the positive-parity
band and about 15% for the 7~ and 9~ states in the negative-
parity band. The branching ratio of the feeding states and the
uncertainty in the measurement of D are also included in cal-
culating the overall error in determining t. The lifetime values
measured for excited states in '%>!4Ba along with the previ-
ously measured values for these nuclei are listed in Table I.
In the case of '“*Ba, the lifetimes were measured only for the
2% and 4" states. For these states, the values of t are compa-
rable with the previously measured values, which are obtained
from the direct timing of B-delayed y rays [17]. It can be seen
that in the case of '#Ba, the lifetime values decrease sharply
from 1140 ps for the 2 to less than 100 ps for higher excited
states. However, in contrast, a relatively shorter (119 ps)
value of 7 in '“?Ba for the 27 state is observed. The lifetimes
of the 7~ and 9~ states of the negative-parity band decaying
by E1 transitions in '**Ba are also measured in the present
work. It is observed that the measured lifetime of the 9~
state is large in comparison to the 7~ and the 8" states. The
branching ratio B(E'1)/B(E?2) is significantly larger for the 9~
state in comparison to the 7~ state [7], which also suggests the
possibility of a longer lifetime for the 9~ state. As the octupole
collective 97 state is long lived, its decay-out component to
the 87 and 7~ states via E1 and E2 transitions, will have a
strong influence on the measured lifetimes of these states.

Dy and Q; are related to 7 of any excited state of angular
momentum /; decaying to Iy by a E1 or E2 transition and
obtained from the known reduced transition rates, B(E1) and
B(E?2) using the rotational model formulae [4]:

3D} 5

B(E1) = ——2(1,010|1,0) 3)
47
5 2

B(E2) = &(liozoufoﬂ 4)
167 ’

where (1;010[170) and (;020]1,0) are the Clebsch-Gordan
coefficients.

Although '#>1%4Ba are not good rotors, the use of these
formulae allows a consistent comparison of the experimental
results and model calculations. The deduced Q, for '“>'4Ba
are listed in Table I, and the Dy values are given in Table II.

For comparison, previously measured values in these nuclei are
also presented. It is observed that for the 7~ state, Dy is large
in comparison to the 97 state, in contrast to the earlier reported
values obtained from the branching ratio measurement [4,7].
However, the average value of Dy for the 7~ and 9~ states
is comparable with the theoretical calculations [4,6]. In
Fig. 4, the quadrupole moment has been plotted against
angular momentum / for the '*>'*Ba nuclei. The experimental
Q, values show overall good agreement with the previously
measured values for both the nuclei. It is also observed that for
144Ba, Q, decreases gradually with angular momentum, which
is possibly due to a band crossing. The theoretically calculated
Qo for both the nuclei, is also shown with a dashed line
assuming a constant value at higher excited states, and overall
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FIG. 4. Transition quadrupole moment, Q,, in the yrast band of
142.144Ba, plotted against angular momentum, /, of the decaying states.
The dashed line represents the ground state quadrupole moment,

Qo [24].
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TABLE II. Lifetimes, t, and electric dipole moments, Dy, for 144Ba along with the previous values from B(E1)/B(E2) and lifetime
measurements. For 7~ and 9~ states, experimental branching ratios are taken to be A = 0.26 and 0.84, respectively [7].

17 (h) Present () Previons () DE™ (¢ fm) DE"™ (¢ fm) D" (e fm)
7" 27409 534 1.0° 0.17 £ 0.03 0.12 £ 0.01° 0.12¢
0.07 £ 0.01° 0.15¢
9- 13.9+ 4.0 — 0.09 & 0.01 0.13 £ 0.01° 0.12¢
0.15¢
“Ref. [23].
bRef. [7].

“Theoretical values are taken from Ref. [4].
dTheoretical values are taken from Ref. [6].

the experimental data agree with the theoretical predictions
of Moller et al. [24]. From the lifetime values of the 9~
and 7~ states and known branching ratios, the quadrupole
moments are deduced in the negative-parity band. For the
9~ — 77 transition, Q; = 2.3(4)ebandfor7- — 57, Q, =
7.3(14) eb. It is found that the quadrupole moment for the
9~ — 7 transition is similar to that of the positive-parity
band. However, it is significantly large for the 7~ — 57 tran-
sition, which is consistent with the earlier measurement [Q; =
5.2(6) eb] by Kriicken efal. [23]. The 7~ state is fed
through the 8" and 9~ states, having longer lifetime, and it
is also possible that other unobserved decay branches may
be responsible for the large value of the quadrupole moment
for the 7~ state. A large value of the quadrupole moment
[O; =4.6(8) eb] has also been observed earlier for the
3~ — 1~ transition in the negative-parity band in '“°Ba [17].

In summary, lifetimes of the excited states in the positive-
parity band of '“>»!4Ba are measured using the differential
Doppler shift method. The lifetimes of the 7~ and 9~ states
in the negative-parity band are measured in case of '*Ba to

obtain directly the electric dipole moment and the quadrupole
moments in the negative-parity band. In the negative-parity
band in '**Ba, Q, for the 9~ — 7~ transition is similar to
that of the positive-parity band, but it is surprisingly large
for the 7= — 57 transition. For the positive-parity band in
both '4>144Ba, the deduced quadrupole moments show good
agreement with previous measurements and overall decrease at
higher angular momentum in '**Ba. The quadrupole moment
of the 77 level is anomalously large, and further experi-
mental studies as well as detailed theoretical calculations are
necessary to understand the properties of the negative-parity
octupole band.
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