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The g factor of an isomeric state at 2738 keV in 'La has been measured by time differential perturbed
angular distribution technique. This isomer was populated in the reaction '2Te(!!'B, 4n)'**La at beam energy
of 52 MeV. We performed the large-scale shell-model (LSSM) calculations which successfully describe the
low-lying levels and band structures of '**La. The measured value of the g factor,—0.049(3), has been compared
with the LSSM result to firmly assign the configuration of the isomeric state. The major configuration of 23/2%

state is 7w (ds;2) @ v(hi12) 7%
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I. INTRODUCTION

A number of high-spin isomers have been reported in
nuclei around A = 135 with neutron number close to N = 82
shell closure, which have simple multiquasiparticle configu-
rations [1-11]. These relatively pure states at high spin attract
lot of theoretical attention as they can be directly related
to shell-model configurations. The systematics of isomers in
N =78 and N = 80 have been reported in Refs. [11-17]. For
even-even nuclei in this region, states with multiquasiparticle
configurations based on (vh11/2)2 and vhh/z(sl/zdyz)] have
been reported as yrast and can often have longer lifetime. It
is interesting to explore the role of these two configurations
when coupled with an odd particle (neutron or proton) in
different orbitals for the generation of pure states at high spin
in neighboring even-odd and odd-even nuclei, which can be
an isomer. Recently, high-spin isomers have been reported
in **Nd (even-odd) and '»La (odd-even) [10,11]. In cer-
tain situations for odd-A nuclei, different multiquasiparticle
configurations can energetically compete, which can give rise
to uncertainty in the assignment of configurations for the
isomers. In this context, further investigations are required
for the determination of the configuration for the 2738 keV
isomer in '3 La, which was assigned a spin-parity of (23/27)
recently in Ref. [10].

A 3-quasiparticle configuration mhyi, ® vhii(s12/
d3/2)1 has been suggested for this isomer in 135La [10]. From
the angular-momentum algebra, the two appropriate config-
urations for the 23/27" state are (i) 134Ba (77) coupled to a
proton in Ok, and (ii) 134Ba (10%) coupled to proton in
(1ds/, or 0g7,2). The difference of the experimental excitation
energies between 7~ and 10 states of '**Ba is —686 keV,
while that of the proton 041/, and 1ds,, is simply estimated
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to be 786 keV from the experimental excitation energy of
11727 in '*3La with respect to the 5/27 state. These values are
almost canceled, and the two couplings can compete with each
other. For such cases, g-factor measurements are essential for
the firm assignment of the configurations. The g factor of the
2738 keV isomer in '¥La has been tabulated to be 0.0(0.2)
with an assigned spin of (27/2%) [18]. The details of the
original measurement can be found in Ref. [19], where the
g factor of the 2738 keV state with assigned spin of (27/2%)
has been reported as 0.003(0.015). The isomer was produced
in '3Cs(w, 2n)'SLa reaction and the decaying y rays from
the states below the isomer in the external magnetic field were
detected in Nal(Tl) detector. However, certain experimental
details such as the value of the external magnetic field and the
observed Larmor frequency were not mentioned in Ref. [19].
In a more recent work, Bansal er al. [20] measured the
magnetic hyperfine interaction of '*La recoil-implanted into
ferromagnetic Fe host using La(Ce)Br; detectors. They used
the hyperfine field (HF) of La in Fe to be —22(5) T and
deduced the g factor of the 23/2" state at 2738 keV to be
0.11(2). Using NMR-ON technique, Goto ef al. [21] have
independently measured the hyperfine field of '*°La in Fe and
reported it to be —47(1) T. Because of the large discrepancy
in the HF value of La in Fe, the derived g factor becomes
highly uncertain. It is therefore important to measure the g
factor with precisely known value of the magnetic field that
can be applied from an external source like a superconducting
magnet.

In this work, we present precision measurement of g
factor for the 2738 keV, 23/2% isomer in '*’La using time
differential perturbed angular distribution (TDPAD) technique
with a superconducting magnet. The measured g factor has

©2019 American Physical Society
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FIG. 1. Partial level scheme of '*La showing the isomer at 2738 keV. The energies of the levels and the transitions have been marked in

keV (adopted from Ref. [10]).

been compared with the results of the large-scale shell-model
calculations to assign the configuration of the isomer.

II. EXPERIMENTAL DETAILS

The isomer at 2738 keV in '3La was populated in the re-
action ' Te(!'B, 4n)!**La using pulsed '' B beam at beam en-
ergy of 52 MeV provided by the heavy-ion accelerator facility
at TIFR, Mumbai. An isotopically enriched 1 mg/cm? '8Te
was evaporated on 3.5 mg/cm? Au backing. Each beam pulse
had a width of about 1 ns and the separation between the
consecutive beam bunches was 800 ns. '*3La produced in
the reaction was implanted in the Au backing. In the present
experiment we have applied transverse magnetic field of 5 T,
produced by a split coil superconducting magnet with field
stability of better than 0.1% and uniformity of 0.5% over a
spherical volume of ~1 cm?. The field direction was reversed
in every 6 hours. This setup has been regularly used to inves-
tigate magnetic properties of materials and study of hyperfine
interactions using TDPAD technique [22-24]. The delayed
y rays from the 2738 keV isomer were measured by large
volume (*2143 cm?) HPGe detectors with relative efficiency
of 30% with respect to a 3 x 3inch Nal(Tl) scintillation
detector. The detectors were placed at a distance of 11 cm
from the target center at angles £45° and £135° with respect
to the beam direction. The time resolution of the detectors was
measured to be 5 ns at y energy of 1332 keV of the standard
0Co radioactive source. The time signal from the HPGe de-
tector was used to start the time to amplitude converter (TAC),
which was stopped by the primary RF signal of the buncher.
The data were collected in LIST mode with eight parameters
for energy and time signals for four detectors. In the offline
analysis, two dimensional spectra with energy versus time

were constructed for each detector. The lifetime spectra for
the y rays decaying from the isomeric state were generated by
taking energy gated time projections. Normalized counts for
each detector N (0, t) were used to construct the spin rotation
spectra defined as

R(t)=[N1(@,1) =N | 0,0D]/[N1 @, 1)+ N | O, 1)
)

The spectra were fitted to the function
R(t) = —3 Ay sin(Qwrt — ¢)exp(—At) 2)

to extract the amplitude A,, Larmor frequency w; , and damp-
ing factor L. Here, ¢ denotes a phase angle due to finite
bending of the incoming beam in external magnetic field. A fit
of our experimentally observed R(t) spectra to Eq. (2) yielded
the value for ¢ to be ~12(5)°.

III. RESULTS AND DISCUSSION
A. Experimental results

The partial level scheme of '**La showing the decay of
isomer is shown in Fig. 1. The delayed y transitions from
the isomer at 2738 keV excitation energy is shown in Fig. 2.
Inset of Fig. 2 shows the lifetime decay spectrum obtained
with energy gate on the 471 keV y line. This was fitted with
an exponential curve yielding a half-life (77,2) of 25.3(3) ns
which is close to the reported value in Ref. [25] as well as
the result of the centroid shift method (CSM) reported in
Ref. [10]. However, our measured Ty, is slightly smaller
compared to the value of 28.4(8) ns reported from PPAC-y
time difference spectrum in Ref. [10]. The time spectra gener-
ated with 471 and 376 keV transitions were used to form the
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FIG. 2. Delayed y spectrum showing the different transitions of
35La. This spectrum is generated by putting a time gate of width
30 ns which is delayed by 30 ns from the prompt. Decay curve for
the 471 keV transition showing the lifetime of the isomer in **La is
given in the inset.

experimental modulation ratio R(z). The experimental ratio
functions and the corresponding least square fitted spectra are
depicted in Fig. 3. The spectra fitted to the Eq. (2) yielded
wr = 11.30(1.13) Mrad/s and 12.4(1.2) Mrad/s for 471 and
376 keV transitions, respectively. These provide the g factor
of the (23/2%) isomer in '**La as —0.047(4) and —0.052(5),
giving a mean value of —0.049(3). Our measured value of
the g factor is close to the value quoted in Ref. [18], but in
variance with the results reported by Bansal ef al. [20].
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FIG. 3. Spin rotation spectrum of (23/2%) isomeric state of '*La
with Beyy =5 T.

B. Large-scale shell-model calculations

To investigate the level scheme and 2738-keV isomer of
35La microscopically, we performed the large-scale shell-
model (LSSM) calculations. The model space is taken as 50 <
N, Z < 82, namely, it consists of Og7/2, 1d5/2, 1d3/2, 2S1/2,
and Oh 1y, single-particle orbits both for protons and neutrons.
We adopt the SNBG3 interaction for the neutron-neutron
interaction [26] and the N82GYM interaction for the proton-
proton interaction [27]. These interactions are determined
starting from a G-matrix interaction and y-square fitted for
available experimental data. For the proton-neutron interac-
tion, we adopt the monopole-based universal (Vyy) interac-
tion [28] whose central and tensor interactions are scaled
by 0.84 and 1.3, respectively, to well reproduce the binding
energies and the 11/27 levels in the Sb isotopes [29] and
nuclear structure of N = 80 isotones [30]. Hereafter, a set of
these interactions is called the SNV interaction and is mainly
used unless otherwise specified. In some specific cases, we
also use the SN100PN interaction [31], which is a G-matrix-
based interaction derived from the CD-Bonn nucleon-nucleon
potential, for further comparison. The M-scheme dimension
of the LSSM calculations reaches 3 x 10°, rather huge. These
calculations were performed with the KSHELL code [32]
utilizing the Oakforest-PACS supercomputer. We will show
the decay scheme to establish the reliability of the present
LSSM study, and later, discuss the isomeric character of
2738 keV.

Figure 4 shows the level scheme and the B(E?2) transition
probabilities of '3 La obtained by the LSSM calculations with
the SNV interaction. We only show the partial level schemes
which correspond to the levels appeared in Fig. 1 of Ref. [33]
and Fig. 1 in the present paper. The effective charges are taken
as (ep, e,) = (1.6, 0.6)e for the computation of the E2 matrix
elements. We show the B(E2) values larger than 100 ¢*fm*
for simplicity in the figure. The measured excited states have
been nicely reproduced with the LSSM calculations, including
Bands 2, 3, 4, 5, 5a, 6, 7, and 8 shown in Fig. 1 of Ref. [33].
However, the relative position of the 5/2] and 7/2] states in
the reported level scheme is reversed in the calculation.

In Ref. [34], Bands 3, 4, and 5 are identified as favored
bands and Band 5a as an unfavored band of Band 5 in the
decoupling limit of the particle-rotor model [35]. The present
LSSM result supports this interpretation. The configuration of
Band 3 is g7/ coupled to the 0%, 2%, 4, 6% states of 134g4.
Similarly, the configurations of bands 4 and 5 are 7 g5/, and
7hyy/2 coupled to the 134Ba ground band, respectively.

Band 2 is interpreted as a g7/, unfavored band built from
the 9/2 state in the present shell-model study. The 5/2F
state in Band 2 is also assigned as an unfavored state of g7,2,
while the E2 transition between 5/27 state and 9/27 state in
Band 2 is rather weak. The intensity of the experimental data
[33] indicates that the branching ratio of the decay from 9/2%
state to 5/27" state in Band 2 is 15%. This experimental ratio
is consistent with that obtained by the shell-model transition
probabilities, 11%.

Band 5a is considered to be the unfavored band of the
proton hyy, orbit. The large interband 17/27 and 15/27 E2
transition is indicated and consistent with the observation of
the corresponding y decay [33]. The branching ratio of the
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FIG. 4. Level scheme of '*La by the LSSM calculations with the SNV interaction. Arrow width is proportional to the B(E2) value. The
labeling of the bands follows the labels of the experimental bands in Ref. [33].

17/2~ state decay to 13/27 is 20% in experiment versus 15%
in theory.

Two negative parity dipole bands, Bands 6 and 7, are
candidates of the magnetic rotation. According to the LSSM
calculations the in-band transitions show large M1 proba-
bilities of the order of 1 W.u., which is consistent with the
experimentally observed M1 characters [33].

Band 8 is not a band in practice, namely no strong inband
transition is seen in the LSSM results. The sequence of
the decays from the (23/2) state with excitation energy of
2738 keV occur along the yrast states as experimentally seen
in Fig. 2. In Ref. [10], the dipole band with band head energy
of 2738 keV was reported and the details of the spin-parity
assignments of the states were discussed. The contradictions
in spin-parity assignments present in Ref. [33] were solved in
Ref. [10] and (23/ ZT) was assigned to the 2738 keV state.

Figure 5 shows the so-called “E2 map” [36], which was
introduced to visualize the complex bands connected by the
E?2 transitions obtained theoretically. It plots the shell-model
excitation energy of each positive parity state as a function
of the angular momentum /, and the widths of the connected
lines show the B(E2) transition probabilities. The three thick
B(E?2) lines represent two favored and one unfavored bands
(band 2, 3, and 4 in Fig. 4), respectively. The experimentally
observed 3/2}L (E, =265 keV) and 1/2fr (E, =300 keV)
states [37] most likely correspond to the ds/, unfavored states
shown in Fig. 5. Thus, the present LSSM calculation are
presented to show its capability to describe the complex band
structures of '**La.

Here, we discuss the isomeric property of the experimen-
tally observed 2.738 MeV isomer based on the LSSM. The
calculated excitation energy of 2.760 MeV for 23/2" state

is very close to the experimental value of 2.738 MeV. In
Fig. 5, the 23/2 state has no strong B(E2) transition to the
other states, indicating the isomeric property. The shell-model
excitation energy of 21/2] is 2.932 MeV, which is higher
than 23/27% (2.760 MeV) and prohibits the decay to the 21/ ZT
state. Another E2-decay possibility from 23/2% is to 19/2%
state. It is located at 2.496 MeV, lower than 23/27" level with
B(E2; 23/2f — 19/2]) = 0.5 ¢*fm*, which is quite small.
Its partial half-life is estimated as 260 ns, much longer than

+
29/2 1

112 1572 1912 2312 2712
92 132 1772 2172 2572

712
5/2

35
12

FIG. 5. Excitation energy against the total angular momentum /
for positive-parity states of **La obtained by the LSSM calculations.
The widths of the red solid and cyan dashed lines denote the tran-
sition probabilities of B(E2;1 +2 — I) and B(E2;1 +1 — 1),
respectively. The B(E2) values larger than 400 ¢*fm* are presented.
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TABLE L. Decomposition of the 23/2 states of **La and the single particle spectroscopic factors C2S, obtained by the LSSM calculation.

I~ E, (MeV) BBa(107) @ w1ds), ¥Ba(10") ® 70g7)2 Ba(10M) @ w1ds) 4Ba(77) @ 70k
23/2f 2.760 0.479 0.073 0.011 0.000
23/2% 3.117 0.027 0.131 0.000 0.000
23/27 3.162 0.004 0.078 0.036 0.006
23/2f 3.262 0.000 0.001 0.002 0.593

the observed life time of the isomer state, 25.3(3) ns, which
is consistent to the expectation of the E'1 decay to the 21/2
state. This small E2 value is caused by the difference of the
angular-momentum coupling for the 23/2* and 19/2 states:
the main configuration of the shell-model 23/2] wave func-
tion is (7d3 ,)"=>"* @ (vh},)’='" while the 19/2] state is
interpreted as a favored state of the 7/2% band, namely, 7 g; 2
coupled to the 6 state of '**Ba. This wave function brings
about rather large g factor of 19/2], g = 0.59. While 25/ ZT
is 2.740 MeV, slightly lower than 23/ 2?’ 2.760 MeV, it would
be reverted in the experiment. If we shift the single-particle
energy of ds;, of the SNV interaction so that the ground-state
spin becomes 5/2%, the 23/2;r energy gets lower than the
25/2 state. The LSSM result with the SN100PN interaction
also provides the 23/2] level that is lower than 25/2] . Thus,
the 23/2 is considered to be the isomeric state, and expected
to decay to 21/2;" with E' transition, while E1 transition is
strictly forbidden in the present LSSM model space.

To discuss the configuration of the isomer 23/27 state fur-
ther, we calculated four 23/27" states and their single-particle
spectroscopic factors by the LSSM are shown in Table 1. The
single-particle spectroscopic factor, C2S, is known to be a
good measure to describe nuclear structure. In the table the
C%S of **Ba (107) @7 1ds;» = 23/2] shows the largest value
among other couplings. It means that the major configuration
of 23/2 state is 7w (ds/2) ® v(hi1/2) "2, where the 107 state of
134Ba is dominated by the v(h; /2)‘2 configuration. With spin
g factor quenched 0.64 for protons and 0.74 for neutrons, the
shell-model g factor of 23/2] is 0.009, small and consistent
to the exerimental value, —0.049(3). This quenching factor
was determined to reproduce available experimental data of
Z = 50isotopes and N = 82 isotones [26,27]. The calculated
g factor of the ground state is 1.32, which is also close to
the experimental value, 1.48(4) [18]. If we introduce orbital
isovector correction 0.1 to g; [38], the g factor of the 23 /2;r
state is —0.052 and becomes quite close to the experimental
value. Since the large occupation of viyi/, holes causes the
large contribution from neutron orbit to the g factor, the
calculated g factor is rather sensitive to the neutron g;. This
isovector correction improves also the ground-state g factor
to 1.39, consistently. Thus, the experimentally observed small
g factor of 23/2 tells us that it is dominated by vhff/z
configuration and consistent with the LSSM result. The result
of the SN100PN interaction leads to the same interpretation.

In the present LSSM study, the h}, 2® vhfll/2 configura-
tion is a minor component, around 2%, in the 23 /2+, 23/ 2+,
and 23/27 wave functions, while Ref. [10] suggested that it
is major configuration for the isomer 23/2% state. We found
that the shell-model wave function of 23/ ZI at 3.262 MeV
is dominated by such proton-excited configuration. Table I
shows that the 23/2; is dominated by the coupling of wh11/2
and the 7" state of '**Ba, which has the vd; )h ), configura-
tion. The g factor of this state is 0.52 and apparently disagrees
with the experimental value.

IV. CONCLUSION

The precision g-factor measurement for the 2738 keV
isomer in '*°La has been carried out using TDPAD method.
The measured g-factor value for this isomer has been found
to be —0.049(3). Large-scale shell-model calculations have
been performed to calculate the level structure of '*°La as well
as to understand the configuration of the measured isomer at
2738 keV excitation energy. The shell-model results provide
an excellent description of the measured level scheme. In
particular, the shell-model result on the g factor of the 23/2%
isomer is very close to the measured g factor of —0.049(3).
As a consequence, the 23/2* state of 1*>La has been identified
as '34Ba(lOT)(th]_12/2) and proton 1ds, configuration by the
LSSM study.
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