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The lifetimes of the excited states belonging to the chiral-candidate doublet bands built on the 7wk, ® vhl’ll/2
configuration in '*°La have been measured by applying the Doppler-shift attenuation method and the in-beam
fast timing technique. Excited states were populated in the '2!Sb('2C, 3n) reaction at a bombarding energy of
54 MeV. The 7" bandhead of the yrast band was identified as an isomeric state with a lifetime of t(7%) =
0.38(7) ns. Similar reduced transition probabilities B(M 1) and B(E2) were found for the states with the same
spin in the partner bands. The results revealed an even-odd spin dependence in the B(E?2) values, whereas the

B(M1) values vary nearly monotonically with increasing spin. The experimental properties of the doublet bands
in *°La are compared with theoretical calculations done in the frame of the two-quasiparticles-plus-triaxial-rotor
model. The static chirality is not supported by the obtained data; however, chiral vibrations cannot be excluded.
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I. INTRODUCTION

Considerable experimental and theoretical effort was in-
vested in the last two decades for unambiguous identification
of chirality in rotating nuclei. Nuclear chirality is generated
when the total angular momentum vector of a triaxial nucleus
is out of the three symmetry planes of the triaxial mean
field [1,2]. This situation can occur when the proton and
neutron Fermi levels are located in the lower part of the
valence proton high-j (particle-like) and in the upper part
of the valence neutron high-;j (hole-like) subshells (or vice
versa). The chiral motion evolves from chiral vibration at low
spins to chiral rotation at high spins, which corresponds to
static chirality. The experimental manifestation of the intrinsic
chirality is a structure of two, almost degenerate, AJ =1
rotational bands having equal parity and linked to each other
by interband y-ray transitions. Chiral-candidate bands were
first reported in odd-odd nuclei of the A =~ 130 mass region,
where side band partners of the yrast bands built on the
whiin ® vhl_ll/2 configuration were identified [3,4]. Since
then, about 60 chiral doublet bands have been discovered in
nuclei with A ~ 80, 100, 130, and 190, including odd-odd,
odd-A, and even-even nuclei [5]. Theoretically, the chiral
doublet bands have been investigated in the frameworks of
the particle rotor model [1,6-11], the tilted axis cranking
(TAC) model [1,2,12,13], the TAC plus random-phase approx-
imation [14], and the core-particle-hole coupling model [15].
Descriptions of the doublet bands were also provided within
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the interacting boson-fermion-fermion model [16,17] and the
angular momentum projection approach [18-20].

The fingerprints for static chirality have been specified
by several theoretical calculations [6,7,15]. Apart from the
observation of nearly degenerate bands, there are selection
rules for the electromagnetic transitions in the chiral geom-
etry. The reduced transition strengths, B(E2) and B(M1),
for the in-band transitions should be comparable for both the
bands. Furthermore the reduced transition probability ratios
B(M1)/B(E2) as well as the B(M1) values should exhibit
odd-even staggering.

Electromagnetic transition probabilities have been mea-
sured to establish chirality in several odd-odd nuclei of
the A~ 130 mass region, ie., '2*126128130Cg [21-25],
1321 a [23], and "**Pr [26]. Similar B(E2) and B(M1) values
in the side and the yrast bands, as well as characteristic stag-
gering of reduced M1 transition probabilities inside bands,
were reported first in '2Cs [23], leading to the identification
of this nucleus as potentially the best case revealing chiral ge-
ometry in odd-odd nuclei. Subsequent lifetime measurements
carried out in '*Cs [21,22], '*°Cs [24], and '*°Cs [25] also
gave support to the chiral interpretation. On the other hand,
lifetime experiments in '**La [23] and '**Pr [26] demon-
strated that the B(E2) values in the chiral-candidate doublet
bands differ considerably from each other, and moreover no
staggering is seen in B(M 1) values. Thus, for these nuclei the
chiral scenario does not seem to hold.

In the present work the chirality phenomenon is studied
in the odd-odd '*°La nucleus via lifetime measurements of
the excited states. '*°La is one the first nuclei in which a
side band partner of the yrast band was observed [4]. In our
experiment the lifetimes of the high-spin states in the yrast

©2018 American Physical Society


http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevC.98.054305&domain=pdf&date_stamp=2018-11-20
https://doi.org/10.1103/PhysRevC.98.054305

M. IONESCU-BUJOR et al.

PHYSICAL REVIEW C 98, 054305 (2018)

and side band were investigated by applying the Doppler-shift
attenuation method (DSAM). Information about the lifetimes
of the lowest-lying states of the yrast band were obtained
by using the in-beam fast timing method. In the performed
study the high-spin level scheme of '*°La was substantially
extended. New band structures were identified and level life-
times were measured. The results of the detailed spectroscopic
investigation will be published in a forthcoming paper [27].

II. EXPERIMENTAL PROCEDURE

Excited states in '3°La were populated using the reaction
1218b(12C, 3n) at a bombarding energy of 54 MeV. The beam
was provided by the FN Tandem accelerator of the Horia Hu-
lubei National Institute of Physics and Nuclear Engineering
(IFIN-HH) in Bucharest. The target consisted of a 1 mg/cm?
isotopically enriched '2'Sb layer evaporated on a 50 mg/cm?
208ph foil, in which both the reaction products and the beam
were stopped. The y transitions of *°La were measured
using the ROSPHERE mixed array [28], consisting of 14
high-purity germanium (HPGe) detectors and 11 LaBr;(Ce)
scintillator detectors. The HPGe detectors were placed in
three rings at the angles of 143°, 90°, and 37° with respect
to the beam axis. The LaBr;(Ce) scintillators were placed
in angular rings at 110°, 90°, and 70° with respect to the
beam direction. Data were recorded by requesting either a
threefold coincidence, namely that y rays were observed in
>2 LaBr3(Ce) detectors and >1 HPGe detector, or a twofold
HPGe-HPGe coincidence. The energy calibration was done
using a '>?Eu source, which also was used to determine the
energy-dependent time walk of the experimental setup. The
data from the HPGe detectors were sorted into a symmetric
y-y matrix and three asymmetric matrices having the detec-
tors in each ring on the first axis and all detectors on the
second axis. The y-ray intensities were derived from spectra
created using the symmetric matrix, while the asymmetric
matrices were used for DSAM analyses.

In fast-timing measurements, lifetimes of excited states
were extracted from the time difference between two y rays
observed in pairs of LaBr3(Ce) detectors. The instrument time
response for each LaBrs(Ce) detector and constant fraction
discriminator (CFD) combination in the array required an
offline correction because of time walk. To achieve this,
the method described by Marginean et al. in Ref. [29] was
used. After correcting for the time walk, data were sorted
into E,(-E,>-AT cubes, where E,| and E,, represent the
energy measured in the LaBr;(Ce) detectors. To further clean
the cascade of interest detected in the LaBr3(Ce) detectors,
additional y rays detected in the HPGe were used as a gate.

III. EXPERIMENTAL RESULTS

A partial level scheme of '*°La showing the chiral candi-
date bands built on the wh(; ® vhl_ll/2 configuration is illus-
trated in Fig. 1. The previously reported yrast band [30,31]
was observed in the present experiment up to spin J = 20.
Firm spin and parity assignments for this band were estab-
lished in our recent study [32], in which the yrast bandhead
decay to the ground state was elucidated. The side band pro-

posed in Ref. [4] was confirmed by the present measurements.
Five new transitions, with energies of 343.4, 385.2, 492.3,
863.0, and 877.5 keV, were included in this band, which was
extended by two more states, with spins 17" and 18%. The 11"
state of the side band was linked with the 97 state of the yrast
band by a new transition of 692.3 keV. A weak transition of
179.3 keV was included between the 10" and 8* states of the
yrast band. Two new transitions of 128.7 and 137.6 keV were
found to deexcite the 7% and 8% states, respectively, feeding
the previously identified 7~ state at 488.8 keV [32], while a
transition of 292.7 keV was placed between the 7+ state and
a new 6~ state at 324.8 keV excitation energy [27]. The y
intensities of the transitions in the partner bands have been de-
rived. Moreover information about transition multipolarities
were obtained from measured angular distribution ratios using
spectra from asymmetric matrices. For the in-band transitions
with AJ = 1, it was found that they have M 1 character with a
negligible £2 component. The data for the 740.4-, 841.2-, and
766.4-keV interband transitions indicated a mixed M1 + E2
character; however, the statistics was not enough to derive the
mixing ratios. Detailed spectroscopic results obtained in this
experiment will be given in a subsequent paper [27].

A. Lifetime measurements with Doppler shift
attenuation method

By applying the Doppler-shift attenuation method, life-
times of the levels with J™ = 13 to 20" in the yrast band
and with J™ = 14% to 18% in the side band have been de-
rived. To obtain the line line shapes of the investigated y-ray
transitions, gates were set in the y-y coincidence matrices
on appropriate lower-lying transitions emitted from stopped
nuclei. The analysis was performed using the LINESHAPE com-
puter code [33]. The slowing-down history of '*°La recoils
in the target and backing was simulated using Monte Carlo
techniques and a statistical distribution was created for the
projection of the recoil velocity with respect to the direction
of the detected y ray. Moreover, the kinematic effects of the
nucleon evaporation were included, as well as the finite solid
angle of the detectors. For the description of the electronic
and nuclear scattering, the Ziegler stopping powers [34,35]
were used. Extraction of lifetimes was done step by step,
starting from the upper levels. The intensities of the y rays
involved in the analysis were derived from the symmetric y-y
matrix. Due to the presence of Doppler-broadened shapes, the
y intensities were obtained by integrating on the broadened
lines. At each level the intensity balance of feeding and decay-
ing transitions was investigated, allowing us to establish the
amount of side-feeding from unobserved transitions. Effective
side-feeding times dependent on the level spin were used
according to the procedure developed in [36].

For all investigated states, line-shape analysis was per-
formed for the E2 deexciting transitions, except for the 14™
state of the side band, where the 740-keV M1 transition to
the 13% state of the yrast band was analyzed. For the 15% and
16" states of the yrast band and the 157 state of the side band,
line shapes of the in-band M1 transitions were also analyzed.
In these cases the adopted lifetimes were obtained as an
average of the values derived in the two independent analyses.
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FIG. 1. Left: Partial level scheme of '*°La showing the yrast and the side bands of the n® vhl’ll/2 configuration, as well as the decay
out of the yrast band, from Refs. [4,30-32] and present work. New transitions observed in the present work are marked with a star. The widths
of the arrows represent the relative intensity of the y-ray transitions (from Ref. [32] and present experiment), with the internal conversion
contribution indicated by the white component of the arrow. Energies are given in keV. Right: Expanded view of the lower part of the yrast

band and the most intense transitions of its decay.

Examples of experimental line shapes and the corresponding
fits are illustrated in Figs. 2 and 3. The derived lifetimes are
collected in Table I. Assigned errors include the uncertainties
due to the stopping power calculation (10%) and to the side-
feeding pattern (15%).

B. Lifetime measurements with fast-timing technique

The lifetimes of the lowest lying states of the yrast band
were investigated by using the fast-timing technique. For this
purpose, feeding and deexciting transitions were selected for
the levels of interest, and corresponding time difference spec-
tra were created. To clean the coincidence spectra, appropriate
gates were put in the HPGe spectra. In the present case the
time resolution was larger than the lifetimes being measured,

therefore the centroid method was used [29]. Two time dis-
tributions were obtained by gating on the two transitions as
start and stop in both possible ways. The time difference AC
between the centroid positions of the two decay distributions
is twice the lifetime t. Illustrative energy spectra obtained
with HPGe and LaBr;(Ce) are presented in Fig. 4. Figure 5
shows the time-difference spectra obtained by gating on the
discrete feeding and de-exciting transitions across levels of
interest in the sorted E,;-E,>-AT cubes, with additional
conditions set in the HPGe detectors.

To derive the lifetime of the 10T member of the yrast
band, the 279-137-keV y-ray cascade feeding and deexciting
the state was investigated. As illustrated in Figs. 1 and 4, an
intense transition of 272 keV is present in the decay of the
yrast band. The 272- and 279-keV y lines are not separated
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FIG. 2. Experimental and calculated lineshapes for transitions
deexciting the states in the yrast band of '*’La with J™ = 14* (a),
157 (b), and 16" (c). The coincidence spectra were created with
narrow gates on lower-lying transitions emitted from stopped nuclei.
The fitted DSAM spectra are shown in red dashed lines.

in the spectra registered with the LaBr3;(Ce) detectors. To
avoid contamination from the coincidences with the 272-keV
transition, a gate was put on this transition in the HPGe
spectrum. Delayed coincidence time spectra obtained using
as start the 279-keV transition and as stop the 137-keV one
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FIG. 3. Experimental and calculated lineshapes for transitions
deexciting the states in the side band of *°La with J™ = 14% (a),
167 (b), and 18% (c). The coincidence spectra were created with
narrow gates on lower-lying transitions emitted from stopped nuclei.
Contaminant peaks are shown in dotted lines and the fitted DSAM
spectra in red dashed lines.

TABLE I. Lifetimes determined in the present work by DSAM
for excited states belonging to the yrast and side bands built on the
whi, ® vhf,'/2 configuration in *°La.

E, (keV) JT T (ps)
yrast band

1705.0 13+ 1.73(38)
2031.0 14+ 1.17(21)
2476.5 15+ 0.87(17)
2869.3 16T 0.60(11)
3378.7 17* 0.46(10)
38244 18+ 0.41(10)
4388.9 19+ 0.60(13)
4873.5 20" 0.55(12)
side band

24454 14+ 0.41(12)
2872.3 15+ 0.53(13)
3243.0 16" 0.50(13)
37353 17+ 0.59(13)
4120.5 18+ 0.61(13)

(black), and as start the 137-keV transition and as stop the
279-keV one (red), are shown in Fig. 5(a). No shift in the
centroid position of the two time spectra was observed. Based
on the accumulated statistics and the resolution of the time
spectra, we estimated that a lifetime of around 30 ps would
have been observable. We therefore assigned an upper limit of
T < 30ps for the 107" state.

The 9% state is deexcited by a low-energy transition of
42.3 keV, that is below the energy threshold of the present
experimental setup. The 8" state decays mainly by an unob-
served transition of 8.9 keV feeding the 71 bandhead [32], as
well as by three E1 transitions of 116.9, 137.6, and 234.9 keV,
towards negative parity states. To derive the lifetime, we
investigated the coincidence between the 137-keV transition
from the 10" state and the 235-keV transition, the strongest
E1 transition observed in the decay of the 8* state. As seen
in Fig. 4(d), the 235-keV transition is masked by the intense
transition of 246 keV between the 12 and 111 states of
the yrast band. To clean the LaBr3(Ce) spectra and to avoid
contamination with the coincidence of the 246- and 137-keV
y rays, a gate was put in HPGe on the 246-keV line. The
obtained spectrum [Fig. 4(c)] contains, however, besides the
235-keV transition, the y-line of 226 keV deexciting the 7
state with a longer lifetime (see below). In order to avoid
the contribution of this transition, a narrow gate was put on
the right half of the 235-keV peak. The delayed coincidence
time spectra corresponding to the pair of 137-235-keV y-ray
transitions, obtained by gating on the two transitions as start
and stop in both possible ways, are shown in Fig. 5(b). A clear
shift AC of the centroid positions was observed. Note that this
shift is due to the lifetime of the 87 state, as well as that of the
9% intermediate level (Fig. 1, left). Based on systematics and
theoretical considerations (see below), it is expected that the
lifetime of the 9T state is much shorter than that of the 8%
state. On the basis of the observed shift, we derived a lifetime
T = 1201“28 ps for the 87 state, with the assigned asymmetric
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FIG. 4. (a) Energy projection of the y-y coincidence HPGe
matrix in the energy range from 100 to 400 keV. The transitions
belonging to the yrast band and its decay are labeled by energy.
(b)—(d) y-ray spectra from the LaBr;(Ce) detectors with gates on
selected transitions in the HPGe detectors.

error including the possible contribution from the lifetime of
the 97 state.

The 71 state, the lowest member of the structure built
on the whyj;p ® vhfll/2 configuration, has a complex decay
involving nine transitions, with the 272-keV transition being
the most intense one (see Fig. 1). To derive the lifetime
of the level, delayed coincidences between the 137-keV y
ray from the 10" state and the 272-keV y-ray deexciting
transition were investigated. In this case the gate in the HPGe
detectors was put on the 279-keV y ray from the yrast
band. Figure 5(c) illustrates the shift of the centroids in the
time spectra corresponding to the pair of 137-272-keV y-ray
transitions, obtained by gating on the two transitions as start
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FIG. 5. Time difference spectra obtained from the LaBr;(Ce)
E, -E,»-AT cube for selected pair of transitions in 130 2. Additional
gates were put on appropriate y rays in the HPGe detectors.

and stop in both possible ways. The lifetime of the 7% state
was also derived by investigating the coincidence between
the 137- and 226-keV transitions, using a thin gate on the
left half of the 226-keV peak in spectra obtained by gating
on the 246-keV line in the HPGe detectors [see Fig. 4(c)].
The two independent analyses provided similar values for
the shift of the centroid positions in the corresponding time
spectra. Using the deduced centroid shift, corrected for the
contribution due to the 97 and 8T intermediate states, a
lifetime of T = 380(70) ps was established for the 7" state.
The results of the lifetime measurements using the fast-timing
technique are collected in Table II.

IV. DISCUSSION

Experimental reduced transition probabilities derived on
the basis of the lifetimes and y intensities determined in
the present work are given in Table III. The in-band and
interband AJ =1 transitions were assumed to be of pure
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TABLE II. Lifetimes of the lowest states of the yrast band in
130La determined in the present work by fast timing method.

E, (keV) Jr T (ns)
617.5 7t 0.38(7)
626.4 8+ 0.12102
805.7 10* <0.03

M1 type according to angular distribution data of the present
experiment.

With its quite high lifetime value of 0.38(7) ns, the 7%
state, the lowest member of the wh 1, ® vhl_ll/2 configuration,
can be called an isomeric state. As seen in Table III, the 7+
state decays via seven E'1 transitions to negative-parity states
of spin 6=, 77, or 8~. These transitions correspond to con-
figuration changes from 7whii; ® vhl_ll/2 for the initial state
into 7w (ds;287/2) ® Vhfll/z or whii @ v(ds287/2d3/251/2) for
the final state. The mhy;, — 7 (dspg72) or vhyyp —
v(ds/287/2d3/25172) E1 transitions are forbidden in spherical
nuclei by the selection rules for the E'1 operator. However,
in deformed nuclei small admixtures of the f7,, and hoj,
orbitals into the negative-parity odd-nucleon wave function
and of the g9/, orbital into the positive-parity odd-nucleon
wave function allow for E'1 transitions. Since these admix-
ture are small, the corresponding E1 matrix elements are
also small, which explains the large observed hindrances.
The 7% state decays also toward the 5% and 6% low-
lying positive-parity states, through the E2 403.5- and M1
298.4-keV hindered transitions, respectively (see Fig. 1 and
Table III). The structure of the 57 and 6% isomeric states
was discussed in Ref. [32], and involves the coupling of
proton and neutron located in the deformed gds orbitals of
the N = 4 shell. To explain the observed transitions from the
7% bandhead, small 7hy; /2 ® vhy2 components have to be
present in the wave functions of the positive-parity states. It
is worthwhile to mention that a 7% isomeric bandhead for
the yrast band of the 7why;,, ® vhl_ll/2 configuration has been

reported in neighbor odd-odd nuclei 134pr (¢t = 4.6(1) ns [38])
and "’La (r = 0.23(2)ns, weighted average of the values
reported in [39]). Their decay also involves strongly hindered
E1 transitions; e.g., by using the y-intensities reported in
[40] we deduced B(E1)(82.4keV) =5.7(2.3) x 1077 W.u.
and B(E1)(306.6 keV) = 2.77(15) x 10~ W.u. for the tran-
sitions deexciting the 7 state in **Pr.

The 8% state, the first excited member of the why; 12 ®
vhfll/2 configuration, decays mainly to the 7 bandhead via
the highly converted 8.9-keV transition, with a total conver-
sion coefficient oy = 198(3) [37]. A large reduced transition
probability, B(M1)(8.9 keV) = 1.5810%¢ W.u., was derived
for it. For the 137.0-keV transition deexciting the 10" state a
lower limit B(M1)(137.0 keV) > 0.28 W.u. was established.
Recently the lifetimes of the 8" and 10T members of the
whilp ® vhl_ll/2 band in *’La were reported as t(8%) =
104(8) ps and t(10™) = 3.0(4) ps [39]. Using the intensities
given in [41] for the involved transitions, large reduced tran-
sition probabilities are derived, i.e., B(M1)(38.1 keV, 8t —

TABLE III. Reduced transition probability values derived using
the lifetimes reported in Tables I and II and total conversion coef-
ficients taken from Ref. [37]. Relative y intensities I'® are from

v

Ref. [32] and the present experiment. Reduced transition probabil-
ities are given in Weissskopf units.

E. JTJ7 E I B(E1)x 10™° B(M1) B(E2)
(keV) (keV) (W.u.) Wu) (W)
yrast
617.5 7t 8~ 108.02) 1.8(3)  26.8(6.8)

77 1287(3) 072  6.122)

77 226002) 6.6(5) 10.7(2.1)

6~ 271.8(2) 25.2(13)  23.5(4.6)

6~ 292.7(2) 1.8(4) 1.3(4)

6+ 298.4(2) 2.9(11) 0.00017(7)

6~ 380.9(2) 9.5(11)  3.2(7)

6~ 385.5(2) 0.6024)  0.2(1)

5+ 403.52) 3.3(9) 0.3(1)
6264 8 7t  8.9(2) 0.20(8) 1.587098

8~ 116.9(2) 0.208)  8.4%37

7- 137.6(3) 1.03) 256433

7- 2349(Q2) 62(6) 3211133
805.7 10% 9% 137.0(2) 27.4(14) >0.28

8+ 179.3(3) 0.5(2) >46
1705.0 13* 12* 374.3(2) 11.3(22) 0.24(8)

117 620.2(3) 4.5(12) 36(14)
2031.0 14* 13+ 326.0(2) 6.4(19) 0.31(12)

12* 700.3(2) 9.4(23) 62(22)
2476.515% 14+ 445.5(3) 6.4(17) 0.24(9)

13* 771.4(4) 4.6(11) 36(13)
2869.316% 15* 392.8(2) 2.7(8) 0.20(8)

147 838.3(5) 8.8(22) 63(23)
3378.717%16% 509.6(6) 2.7(7) 0.23(9)

15% 902.2(6) 3.3(7) 41(14)
3824.418% 17+ 445.7(7) 0.9(3) 0.17(8)

167 955.1(6) 3.9(7) 52(18)
4388.919" 18* 564.4(6) 0.5(2) 0.07(4)

1771010.2(8) 1.6(4) 24(10)
4873.520" 19* 484.6(8) 0.5(2) 0.08(4)

18+ 1049.1(8) 2.4(7) 25(11)
side
2445.414% 13+ 384.8(3) 1.13(17) 0.54(19)

12* 728.1(6) 0.63(14) 55(21)

13* 740.4(3) 1.08(25) 0.073(29)
2872.315% 14+ 426.4(4) 1.36(31) 0.30(11)

13* 811.7(6) 1.72(22) 56(17)

14+ 841.3(9) 0.36(14) 0.010(5)
3243.016% 15* 370.7(9) 0.90(21) 0.33(12)

15% 766.4(7) 0.57(18) 0.024(10)

14+ 797.6(5) 1.83(20) 71(21)
3735.317% 16% 492.3(6) 0.82(18) 0.20(7)

15% 863.0(6) 1.08(24) 40(14)
4120.518" 17+ 385.2(8) 0.18(7) 0.10(5)

16+ 877.5(8) 1.48(18) 59(16)

7t) = 1.37(15) W.u. and B(M1)(160.7 keV, 10t — 91) =
1.98(26) W.u. On the basis of these results, it should be ex-
pected that also the 91 band member decays via an enhanced
M1 transition. Assuming a transition strength of 1.5 W.u. for
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FIG. 6. Values of the energy separation AE(J) (a), staggering
S(J) (b), B(M1)/B(E2) ratio (c), reduced transition probability
B(M1) (d), and reduced transition probability B(E2) (e), as a
function of spin for the chiral candidate doublet bands in '*°La.

the 42.3-keV transition deexciting the 9% state in '*’La, a
lifetime around 20 ps is calculated, significantly shorter than
the lifetime of the 8 state.

The experimental properties of the yrast and side bands,
including the presently derived in-band B(M1) and B(E2)
values, are illustrated in Fig. 6 and discussed in comparison
with the requirement for a chiral description.

The energy separation between the bands, AE(J) =
Egde(J) — Eyrast(J), is nearly constant within the spin range
J = 11-18, with an average value of 357 keV [see Fig. 6(a)].
This is somewhat smaller than the approximate value of
400 keV observed for bands in '*2La, but larger than the
approximate value of 200 keV observed for bands in 2¢128Cs.
Nearly constant energy separation reflects the similar mo-
ments of inertia of the two bands.

A consequence of chiral geometry is manifested in the
constancy of the energy staggering parameter S(J), defined
as S(J)=[E(J)— E(J —1)]/2J, as a function of spin.
Qualitatively, this can be understood by the fact that the
angular momenta of the odd particles are both perpendicular
to the rotation axis and thus are not affected by the rotation,
As discussed in Ref. [12], the chiral geometry is expected
to arise above a critical frequency. Therefore one should
observe strong energy staggering below this frequency, and a
constancy of S(J) as a function of spin above it. In panel (b) of
Fig. 6 the energy staggering values are shown for the yrast and
side bands in '*°La. The yrast band exhibits a strong energy
staggering over the whole spin range, and some staggering
is present also at higher spins of the side band. Moreover
they show signature inversion, with the even-spin levels of
the band favored energetically, while in the case of normal
signature splitting the odd-spin members should be favored.
It is worthwhile to mention that the low-spin signature is
inverted for all observed yrast whi1; ® vhl_ll/2 bands of odd-
odd Cs, La, Pr, Pm, and Eu nuclei around A ~ 130 [42]. In
some isotopes of the region a transition from the abnormal
signature to the normal one has been observed at higher spins.
However, this does not happen in the case of '*’La, where
the S(J) values show signature inversion over the whole spin
range.

The energy staggering of the whij; ® vhl_ll/2 band in the
odd-odd "*13°Cs nuclei was recently discussed in Ref. [43].
These nuclei are considered good examples for chirality based
on electromagnetic moment measurements. The analysis re-
vealed that in '?*120139Cg the energy staggering is present
below a spin value J around 14, then up to spin around 20
it disappears or is suppressed. However in '?Cs the expected
constancy of S(J) in the region of chirality seems to be not
confirmed. As seen in Fig. 3 of Ref. [43], in this case the
staggering is visible over the whole spin range, similar to the
case of '*La.

The B(M1;J — J —1)/B(E2;J — J — 2) values de-
termined by using transition energies and branching ratios in
the yrast band show a smooth decreasing trend up to spin 14,
while an odd-even spin dependence is observed for spin values
between 15 and 18 [Fig. 6(c)]. In this spin range also the
BM1;,J — J —1)/B(E2;J — J —2) values in the side
band exhibit an odd-even spin dependence. However, this is
not due to a staggering in B(M1) values, as they show for
both bands a nearly monotonic decrease with increasing spin
[see Fig. 6(d)]. An interesting feature revealed by our data is
an odd-even spin dependence in the B(E?2) values [panel (e)
of Fig. 6]. We deduced therefore that the observed staggering
of B(M1)/B(E?2) values is caused by the staggering in the
B(E?2) values. It is interesting to mention that a staggering of
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FIG. 7. Comparison of the experimental energy separation with
calculated values at different y deformations.

the experimental B(E?2) values was previously reported on the
basis of lifetime measurements for the yrast bands in '9!1%Rh
nuclei [44]. Note that a weak odd-even spin staggering of
B(E?2) transition strengths is visible also within the yrast band
of '%°Cs [43].

In order to describe the properties of the doublet
bands in '*°La, we performed calculations using the two-
quasiparticles-plus-rotor model (TQRM) code of Ref. [45].
The model Hamiltonian includes the rotational energy of
the core (which can be either axially symmetric or triaxial)
and the quasiparticle energies of the odd proton and neu-
tron. All proton and neutron orbitals originating from the
h112 subshell were included. The single-particle potential we
used was of the modified oscillator type, with the x and u
parameters taken from Ref. [46]. The pairing gap and the
Fermi levels were derived from a BCS treatment of pairing.
The interaction strengths were obtained by multiplying 0.95
to the standard strengths [47] in order to take into account
the blocking effect. The core moments of inertia were cal-
culated in such a way that the experimental energy of the
2+ state of the even-even 'Ba nucleus was reproduced.
In evaluation of the electromagnetic moments, an effective
g, factor of 0.7gf was used and gg was taken as Z/A.
Quadrupole moments of the core were calculated macroscop-
ically. No Coriolis attenuation factor was introduced. Calcu-
lations were performed either without an effective residual
proton-neutron (p-n) interaction or by using a zero-range
interaction V,, = /873 (h/mw)*?8(ry — 1) (o + U10p0n)
with parameters ug = —7.2MeV and u; = —0.8§ MeV, as
proposed in [45] for the A ~ 130 mass region. A value of €, =
0.20 was used for the quadrupole deformation parameter,
as predicted for the '*°La ground state in the macroscopic-
microscopic calculations tabulated in Ref. [48]. Various val-
ues for the triaxial parameter y between 0° and 30° were
employed.

The experimental energy separation AE(J) is compared
in Fig. 7 with calculations using €, = 0.20 and different y
deformations. For axial symmetry the side band is calculated
very high in energy, at around 800 keV at spin 11, up to around
1400 keV at spin 18. To reproduce the experimental values,
the inclusion of triaxiality is essential. We found that the best

30 - &—* exp.
—=e TQRM without Vpn
¢—* TQRMwith V,

yrast band

20

S(J) (keV/h)

€,=0.2 =25°
0 | | | | | | | | | | |
9 10 11 12 13 14 15 16 17 18 19 20 21

Spin (h)

FIG. 8. Experimental signature splitting compared with calcu-
lation using the two-quasiparticle-plus-triaxial-rotor model, without
and with the residual proton-neutron interaction.

description of experimental energy separation is obtained for
y = 25°.

The use of the residual proton-neutron interaction was
crucial for describing the observed signature inversion at low
spins of the yrast band. Figure 8 illustrates the comparison
between the experimental data with TQRM calculations per-
formed either without V,, interaction or with this interaction
included. Without the residual interaction a large normal
signature splitting is calculated starting from spin J = 13, in
total disagreement with the experimental data. On the other
hand, the inclusion of V,, interaction nicely reproduced the
inverted splitting from spin 11. The splitting is calculated to
decrease with increasing spin and almost disappears between
spins 15 and 19, in accordance with the predictions for chiral
geometry. This is not supported by the experimental data.

The experimental reduced transition probabilities
BM1,J — J—1) and B(E2,J — J —2) for in-band
transitions in the yrast and side bands, as well as the interband
B(M1,J — J — 1) transitions, are compared in Fig. 9
with the TQRM calculations. For the spin range 13-20 the
calculations predict a strong odd-even spin dependence of the
B(M1) values. The B(M1) values for AJ = 1 transitions
connecting the side to yrast band should have odd-even
staggering opposite in phase with respect to the staggering for
in-band M1 transitions. A smooth increase with decreasing
spin below spin 12 is seen in the calculated B(M 1) strengths
of the yrast band. Note that the B(M 1) value derived in the
present experiment for spin 8 is nicely reproduced by the
TQRM calculations. However, the predicted staggering of
in-band values is not confirmed by the experimental data,
which show a nearly monotonic spin dependence. Moreover
the interband transition probabilities are much weaker than
the calculated values.

The calculated B(E2) values show a smooth increase
with spin. Note that an increasing behavior in the rotational
B(E?2) values, attributed to the fixed nuclear shape, has
been reported for the whijn ® vhl_ll/2 configuration in pre-
vious particle-rotor calculations [8,11], as well as in recent
angular-momentum-projection calculations [19,20]. However,
the presently measured B(E?2) values do not show such an
increase with spin, but exhibit instead a flat behavior with an

054305-8



LIFETIME MEASUREMENTS IN THE CHIRAL-CANDIDATE ...

PHYSICAL REVIEW C 98, 054305 (2018)

10" ¢
yrast side side — yrast
= v exp.
z 10 ; - L v~ TQRM
S |
< 107k . -
o F e exp. F oo exp.
| == TORM [ o TQRM ,
10
8 10 12 14 16 18 20 8 10 12 14 16 18 20 8 10 12 14 16 18 20
10°g
i yrast |t side
S i i
. 102? 3
s L/m g W
oo T i
o 10°F 3
E e exp. oo exp.
[ TQRM [ oo TQRM
10

Spin J ()

8 10 12 14 16 18 20 8 10 12 14 16 18 20

FIG. 9. Comparison of the experimental B(M1) and B(E?2) reduced transition strengths for in-band and interband transitions (black)
compared with the calculated values using the TQRM for deformation parameters €, = 0.2 and y = 25° (red).

odd-even spin dependence. They are somewhat overestimated
by the calculation even at low spins; this could indicate that
the employed quadrupole deformation €, = 0.2 is too large.
Static chirality has been shown to be a transient phe-
nomenon. The chiral motion evolves from chiral vibrations at
low spins to tunneling between well-established left-handed
and right-handed configurations at high spins which corre-
sponds to static chirality [10,14,19,49]. It was shown that
the B(M1) staggering is weak in the chiral vibration region
while it is strong in the static chirality region. In this re-
spect an interesting case is the '*>Nd nucleus, in which the
doublet bands described by the h7, n® vhfll/2 configuration
were found to exhibit similar B(M1) and B(E2) reduced
transition probabilities and weak B(M1) staggering, associ-
ated with a transition from a vibrational into a static chiral
regime [49]. The present experimental data reveal that the
B(M1) and B(E2) values for the in-band transitions of the
two partner bands are essentially the same, pointing to their
identical nature. However, the absence of staggering of the
in-band B(M 1) values indicates that the static chirality is
not realized. The observed electromagnetic properties could
suggest a chiral vibrational regime for the doublet bands of
139La. Interestingly, very different behaviors were reported
for the bands based on the mhi1, ® vhfll/2 configuration in

the neighboring 'Cs and '**La nuclei. Thus, the partner
bands in '?Cs have similar B(M 1) and B(E2) transitions and
B(M1) staggering, revealing the chiral symmetry breaking
phenomenon that corresponds to static chirality [23]. On the
other hand the electromagnetic properties of the yrast and side
bands in '*’La differ significantly, leading to the conclusion
that they are not chiral partners [S0]. It appears that the
electromagnetic properties of the chiral candidate bands are
extremely sensitive to nuclear structure effects such as the

occupation probability of the valence quasiparticle orbitals,
as well as to the details of the coupling between valence
nucleons.

The orientation of the angular momentum in the intrinsic
frame as a function of the spin has been studied in detail in
theoretical works devoted to nuclear chirality [12,19,20,51].
It was found that at low spins the planar component with the
three angular momentum vectors lying almost in one plane is
dominant, while, with the increase of spin, aplanar rotation
develops in both bands. A direct evidence for the planar
coupling at the bandhead of the chiral rotational band in '2#Cs
was provided very recently by its measured g factor [52].
Further experimental and theoretical investigations, including
electromagnetic transition probabilities studies, are needed for
understanding the complex phenomenon of chiral rotation in
atomic nuclei.

V. SUMMARY

In the present study the in-band and interband reduced
transition probabilities B(M 1) and B(E2) have been deduced
for the chiral-candidate doublet bands in '*°La on the basis
of lifetime measurements performed by applying the DSAM
and the fast-timing method. A lifetime of 7(7") = 0.38(7)ns
has been derived for the 7+ bandhead of the yrast band. The
previously known side band has been extended and transition
intensities within this band have been derived. Similar B(M1)
and B(E?2) values for the in-band transitions of the yrast and
side bands have been obtained. The interband M1 transition
strengths were found to be much weaker than the in-band
ones. The properties of the positive-parity doublet bands in
130La have been studied by using the two-quasiparticles-
plus-triaxial-rotor model. The energy differences AE(J), the
energy staggering S(J), and the in-band and interband B(M 1)
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and B(E?2) transition strengths were calculated and compared
with the experimental data. The best description of exper-
imental energy separation was obtained for y = 25°. The
observed signature inversion of the yrast band has been nicely
reproduced at lower spins by including a residual proton-
neutron interaction. The calculated in-band B(M1) values
show odd-even spin dependence in the spin range 13-20,
in contrast with experimental values which slightly decrease
nearly monotonically with spin. The absence of staggering in
measured B(M1) indicates that the static chirality regime is
not realized; the chirality, if it exists, could be of vibrational
type. An odd-even staggering evidenced in the B(E?2) values,

observed also in a few other cases, is an interesting phe-
nomenon not yet understood that requires further theoretical
investigations.
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