Nuclear Science and Techniques (2025) 36:179
https://doi.org/10.1007/541365-025-01756-7

=

Check for
updates

Lifetime of first excited state in 139La and the role of core-excitation
on L-forbidden M1 transition

Zhi-Xuan Wang' - Guang-Xin Zhang'® - Wei Jiang? - Meng-Lan Liu' - Cen-Xi Yuan'® - Bo-Shuai Cai’ -

Chong Qi*® - Hong-Yi Wu**® . Zhi-Huan Li° - Yong-Hao Chen?® . Rui-Rui Fan?® - Kang Sun? - Wei Wang'
JunSu'® . Long Zhu'® . Yue-Huan Wei' - Yu-Mei Zhang'® - Wei Hua'® - Bo Mei' - Xiao Fang'® - Yi-Nu Zhang' -
Chen-Chen Guo' - Sheng-Li Chen'® . Xiao-Peng Zhou®

Received: 6 July 2024 / Revised: 26 December 2024 / Accepted: 15 January 2025 / Published online: 17 July 2025
© The Author(s), under exclusive licence to China Science Publishing & Media Ltd. (Science Press), Shanghai Institute of Applied Physics, the Chinese
Academy of Sciences, Chinese Nuclear Society 2025, corrected publication 2025

Abstract

This study determined the lifetime of the first excited state (5/ 2?) in '*'La via f—y time-difference measurement using a LaBr,
+ plastic scintillator array. This state is populated following the decay of **Ba produced in the '**Ba(n,y) reaction. Com-
pared with previous experiments using only stilbene/plastic crystals, this experiment separates the background contribution
in the y-ray spectrum owing to the high energy resolution of LaBr;. The L-forbidden M1 transition strength, BIM1, 5/ 2;“ -
7/ 2?), in 13°La was measured and compared with detailed large-scale shell model calculations, with a special focus on the
core-excitation effect. The results showed the importance of both proton and neutron core-excitations in explaining the M1
transition strength. Meanwhile, the effective g-factor for the tensor term of the M1 operator was smaller than the previously
reported value in this region or around 2Pb.
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1 Introduction

L-forbidden M1 transitions have been reported in many odd-
mass nuclei, involving pairs of low-lying excited and ground
states of single particle nature with the orbital angular
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The effective g-factor is necessary to explain the observed
magnetic momentum or M1 transition strength. From a
physics perspective, such effective operators originate from
core polarization and the meson exchange effect [2, 3]. Com-
pared with the spin and orbital terms, the tensor term of
the effective M1 operator is almost negligible when a mag-
netic momentum is produced, as mentioned in Refs. [2—4].
However, in the L-forbidden M1 transition, the tensor term
([Y5, s]) is essential because it connects the orbitals with Al
=2.

Meanwhile, the core-excitation, especially when cross-
ing Z =50 or N = 50 shells [5, 6], increases the number
of single-particle orbitals contributing to the M1 transition.
However, the quantitative influence of the core polarization
effect on the effective g-factor has not yet been elucidated,
particularly the tensor term. The L-forbidden M1 transitions
in odd-mass isotopes along the N = 82 isotonic chain are
potential tools for investigating an effective M1 operator.

The adopted lifetime of the first excited state in '3°La [7]
was determined in previous experiments conducted using the
P decay channel from either '3°La or 1*°Ce. However, because
of material limitation, most experiments use two stilbene
scintillators to measure the time differences between f-rays
and conversion electrons, yielding a half-life of 1.50(10) ns
in both cases, Refs. [8, 9]. An alternative method is using
stilbene and plastic crystals to measure the time difference
between conversion electrons and KX-rays, as mentioned
in Refs. [10, 11], yielding half-lives of 1.47(6) ns and
1.60(4) ns, respectively. Although the aforementioned exper-
iments employed the best available instruments, the lack (or
insufficiency) of energy-resolving power limited the opera-
tions of the detectors, accounting for possible uncertainties
in the background subtraction. Currently, LaBr; detectors
are widely used for y-ray spectroscopy [12-15]. Owing to
its excellent time and energy resolution, the LaBr,; detector
together with plastic scintillators is a potential tool for deter-
mining the lifetime of the first excited state in '3°La via f—y
time-difference measurement, an operation that was previ-
ously impossible. This novel measurement technique could
eliminate the y-ray background and be applied to investigate
complex f-decay channels. Moreover, it could analyze radio-
active isotopes such as '33Sn, !33Te, and '3"Xe or determine
the lifetime of the first excited states in '33Sb, 1331, and 1¥’Cs
via fi—y time-difference measurement.

This study experimentally performed f—y measurement
to determine the first excited state in '*°La using LaBr; and
plastic scintillators. Based on the experimental results, a
comprehensive shell-model study on the L-forbidden M1
transition was conducted, focusing on the effect of core-
excitation. Experimental details and results are presented in
Sect. 2, and the discussion is presented in Sect. 3.
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2 Experimental setup and result

The experiment was conducted using the Back-n white
neutron beamline [16-21] located at the China Spallation
Neutron Source (CSNS) [22]. The Back-n beamline uses
backstreaming white neutrons from the spallation target
at CSNS, delivering an intense flux of over ~ 10’cm™2s™!
at the experimental hall I, which is 55 m away from the
spallation target. With a proton beam power of 100 kW,
the Back-n neutron energy ranges from 0.3 eV to several
hundreds of megaelectron volts. Three natural Ba targets
(71.689% of '38Ba) with diameters of 30 mm were placed
on the beamline; one target was 3-mm thick, and the others
were 5 mm-thick.

During irradiation, *Ba was mainly produced in the
Ba(n,y) reaction. Given that the f-decay half-life of 1**Ba
is 82.93(9) minutes [7], the irradiation time on the beam-
line was approximately 4 h. After irradiation, the beam
was stopped and the targets were displaced to another loca-
tion for off-beam decay measurement, which lasted 4 h;
after which, all the samples were irradiated for 4 h. The
procedure was repeated several times. In this experiment,
both the irradiation and measurement times were 20 h.

As shown in Fig. 1, for off-line measurement, one plas-
tic scintillator and two LaBr; detectors were installed on
the samples to detect § and y rays, respectively. A 2-mm-
thick EJ-200 plastic scintillator of size 3 cm X 4 cm, cou-
pled with XP2020 photomultiplier tubes (PMTs), was
used. The crystal of each LaBr; has a diameter of 2 in

138

EJ —200 Plastic Scintillator
+ PMT XP2020

/
LaBrz+ PMT R13089 a -

Ba simple after irradiation

Fig. 1 (Color online) Experimental setup, including two LaBr; detec-
tors and one plastic scintillator coupled with a XP2020 photomulti-
plier tube
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(50.8 mm) and length of 3 in (76.2 mm). The signal from
each LaBr; crystal was captured using Hamamatsu PMT
R13089, whose anode output has a typical rise time of
2 ns, suitable for fast-timing measurement. The signals
from all three detectors were transmitted to a Pixie-16
module from XIA LLC, which is a 14-bit 500 MHz Digi-
tal Pulse Processor [23]. To improve the time resolution, a
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Fig.2 (Color online) a y Energy versus f—y time-difference plot, in
which the f decays to excited states in '**Ba and 13°La are separated.
b p—y time-difference distribution and fitted result of the half-life of
first excited state in *°La. ¢ Partial f decay scheme illustrating the
dominant decay channel from '*°Ba to the first excited state in °La

CFD algorithm was applied to detect the zero-crossing of
a pulse by subtracting the scaled and delayed copies of the
fast-filter pulse in the general-purpose digital data acqui-
sition system (GDDAQ) developed by Peking University.
Detailed information on GDDAQ and related CFD logic
can be obtained in Ref. [23],

Figure 2a shows a two-dimension plot of the f—y time
difference vs y-ray energy. Following the f decay, three y
lines at 166, 462, and 1436 keV were observed in addition
to the 511 keV transition, corresponding to the decay of
the first excited state in '**La [7] and 2] and 47 states in '3®
Ba [24], respectively. These results are consistent with the
observation that all the aforementioned transitions attain the
highest intensities in their respective f-decay channels [7,
24], whereas the other weak transitions cannot easily be
observed, considering the statistics and energy resolution
of LaBr; detectors.

When high-energy neutrons impinge on '*Ba, 13°Ba is
produced with an excitation energy higher than the proton
separation energy (9316(9) keV [7]), producing '*#Cs using
proton evaporation channels. The ground state of *8Cs has
a f-decay half-life of 32.5(5) min [24], and most of the §-
decay branches feed on excited states higher than the 41+ state
in ¥¥Ba. Considering that the 4} state is an isomeric state
with 7' ;, = 2.160(11) ns, transitions of 462 and 1436 keV
may be observed in the f-delayed y-ray spectrum, as shown
in Fig. 2a.

The following paragraph focuses on the '3°Ba — 13°La
-decay channel. The f-decay channel has been extensively
investigated [7—11]. The branching ratio information reveals
that approximately 70% would directly populate the ground
state in '**La without emitting y rays. The strongest among
the remaining branches feeds the first excited state in '*La
with a ratio of 29.7%, and all the remaining branches only
account for 0.3% of the decay strength. Consequently, most
of the measured f—y coincidence events are related to the
ground state of '**Ba f decay to the 5/27 state in '*La, fol-
lowed by the 5/27 — 7/2] y ray at 166 keV. By deconvolution
fitting [14, 15] the f—y time difference with a y-ray energy of
166 keV, the lifetime of 5/2% in '**La is 1.52(5) ns, as shown
in Fig. 2. This value is consistent with that adopted in the
NNDC website [7].

The fitting function includes the contributions of both
prompt response functions and the exponential decay
component. Detailed information about the fitting can be
obtained in Ref. [15] and references therein. In the cur-
rent experiment, owing to the excellent energy resolution of
LaBr;,, the 166-keV transition can easily be selected, facili-
tating background subtraction, as shown in Fig. 2, an opera-
tion that was impossible in the 1960 s.
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3 Shell-model investigation and discussion

Shell model calculations have been performed to investi-
gate the nature of the L-forbidden M1 transition in '*°La. To
examine the effect of core-excitation, the model space com-
prises 108 5, 0875, 1ds)5, 1d35, 25, )5, Oy, , and vOhy, )5,
Ohygp, 17,5, 1f5)5, 2p5/2, 2Py /2, Oij5, Orbitals. The proton
(neutron) core-excitation across the Z = 50 (N = 82) shell
can be achieved by exciting protons (neutrons) from the n
0gy,, (L0, /) orbital to higher orbitals.

The effective Hamiltonian is based on the nuclear force
Vuu+LS [26], which comprises a Gaussian central force, a
7 + p meson-exchange tensor force, and an M3Y spin-orbit
force [27]. The V y+LS force has been employed in the
psd [28], sdpf [29], pfsdg regions [30], and nearby regions
around '*2Sn [31, 32] and 2%®Pb [4, 33-35]. Recently, Vyy
+LS had been employed to investigate the level structure
of nuclei around '32Sn and 2°8Pb [36, 37] in a unified man-
ner. Specifically, the separation and excitation energies,
as well as the nuclear level densities of 50 < Z < 56 and
80 < N < 84 nuclei, were reproduced using the interaction
proposed in Ref. [38]. All the shell-model calculations
were performed using the code KSHELL [39].

1. Influence of effective g-factor on lifetime prediction

In this study, B(M1) calculation employed effective
g-factors of gé =1,¢ =0, g, =5.0274, and g, = —3.4424.
The former two are the free-nucleon values, and the latter
two are obtained from the free g-factor quenched by 0.9.
The proton and neutron effective charges are 1.5e and 0.5¢
in the B(E2) calculation, respectively.

The theoretical predictions of the 5/21 — 7/2] transi-
tion strength in '*°La under different conditions are pre-
sented in Table 1. Eliminating core-excitation yields a
B(M1) value of 2.2 X 107> [ ], increasing the half-life
to 97.5 ns, even when the E2 strength is considered. By
exciting either one proton or neutron across their respec-
tive major shell (noted as “p1" or “nl" in Table 1), the
predicted M1 strength becomes one order of magnitude

higher. Thus, the predicted half-life is significantly con-
sistent with the experimentally measured half-life, such as
9.5 and 21.5 ns for the proton and neutron cases, respec-
tively. Because of the limitation of computer power, the
maximum truncation in the current calculation is that one
proton and one neutron can be excited from the *2Sn core,
noted as “plnl" in the last column of Table 1. Here, the
maximum B(M1) is 1.3x 1073 [;412\]], which is approximately
two orders of magnitude larger than that in the no core-
excitation case. Notably, the influence of the core-excita-
tion on the B(E2) strength is significantly reduced. This
study shows that a quenching factor of 0.9 is sufficient
considering core-excitation with only a 1p-1h configura-
tion. This value is significantly consistent with the free-
nucleon value obtained via the meson exchange calcula-
tion (MEC) [40] in the limited model space around the
1328n region [41, 42].

The calculation in the previous paragraph did not include the
tensor term in the effective g-factor [43, 44]. Meanwhile, the
tensor part, exhibiting a slight influence on the magnetic
moments around the *2Sn region, as reported in Ref. [41, 42],
is essential for the L-forbidden M1 transition strength because
the g;ff[Yz, s] operator can have a nonzero off-diagonal matrix
element in the d; 281 transition. The last two columns in
Table 1 present the shell-model calculation performed by using
the effective M1 operator with the tensor part. With a slight
correction, g = 0.15 (compared with a value greater than 3
obtained via MEC, as shown in Refs. [41, 42]) and g; =0, the
calculation is consistent with the experimental result in the
“pInl" case, as presented in Table 1.

2. Detailed investigation on M1 matrix element

Furthermore, we analyzed the difference in the M1 matrix
element, particularly for the high-J component, between dif-
ferent core-excitation conditions. The decomposition of the
M1 matrix element is shown in Fig. 3. First, the inclusion of
proton core-excitation significantly enhances the contribu-
tion from the ng; , and g, , shells.

Neutron core-excitation introduces a strong component
from vh orbitals similarly. In the one-proton—one-neutron

Table 1 Theoretical predictions of the 5/2* — 7/2* transition strength in '*La with different truncations

Core-excitation BM1) [2] ﬁj’zﬁal(Ml) [ns] B(E2) [e*fm”] 7'572“31@2) [ns] 7‘;’;3‘ [ns] BM1)* [42] 7‘10/‘;'* [ns]
None 2.2%x107° 309.8 0.938 142.3 97.5 1.5x1073 45
pl 6.9x10* 9.9 0.478 279.5 9.5 3.5x1073 1.9
nl 2.8x10~* 24.6 0.802 166.5 21.5 2.5x1073 2.7
plnl 1.3x1073 5.4 0.348 383.9 53 4.6x1073 1.5

The absence of core-excitation indicates that no nucleon can be excited from the fully occupied n0gq, and vhy, /, orbitals. p1 and nl indicate that
only one proton and one neutron can be prompted from the z0g,, and vhy, ;, orbitals, respectively. pInl indicates the condition that one proton
and one neutron can cross their Z = 50 or N = 82 major shell. The inner conversion coefficients of the M1 and E2 components for the measured
166-keV transition are 0.26 and 0.34 by BRICC [25], respectively. The B(M1)* and T'*"" represent the condition in which the effective M1
operator considers the tensor part with g, = 0.15 and 0 for proton and neutron
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Fig.3 (Color online) Decomposition of the M1 transition matrix ele-
ments calculated using the present Hamiltonian. Each matrix element
is decomposed of the part involving the n0g; , and n0gg, orbitals (n
g), that involving nOh, ) (rh), that involving vOhg /2 and vOh,, 2 (vh),
and the others
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Fig.4 (Color online) Comparison of half-lives of 5/2] state in 1394,
derived with part of or all nuclear force components. "C," "LS," and
"T" represent the central, spin-orbit, and tensor forces, respectively.
"nl" and "p1" represent the inclusion of at most one neutron or pro-
ton core-excitation from the vOhy, , and 70gy, orbitals, respectively.
"nlpl(ind.)" is evaluated by considering "n1" and "p1" as independ-
ent branches. "nlpl" denotes the condition that both one neutron and
proton core-excitations are allowed. For illustration, the experimental
values are represented using dashed lines

core-excitation condition, all the corresponding components
are available, whereas the major components originate from
the spin-flip orbitals on both sides of the Z = 50 (g, and
89/») and N = 82 (hy, , and hy ) shells.

Herein, we aim to investigate the influence of the dif-
ferent components, including central, spin-orbit, and tensor
parts, of effective interaction on the M1 transition strength,

as shown in Fig. 4. The different nuclear-force components
exhibited different behaviors with changes in the core-excita-
tion truncation. In the p1 case, introducing the central force
increases the half-life of the 5/27 state in '*La. Involving
either tensor or spin-orbit forces significantly reduces the
half-life, and an even lower value (as presented in Table 1)
can be obtained by considering all forces. This finding is
consistent with the experimental results. A different scenario
is observed when only neutron core-excitation is involved
in the shell model calculation (nl case). Considering only
the central force in the calculation significantly reduces the
predicted half-life. Adding the spin-orbit or tensor force does
not significantly change the result or even slightly increase
the result when the tensor part is considered.

The significant difference between the pl and nl cases
indicates that the tensor and spin-orbit forces contribute
differently in both cases. This was unexpected because, as
shown in Fig. 3, within the M1 matrix element, the Tg com-
ponent exhibits constructive and deconstructive interference
with the other components in the pl and nl cases, respec-
tively. Moreover, the vh component exists in the nl case but
not in the p1 condition, initiating a different situation when
spin-orbital or tensor forces are generated. This observation
is supported by the nlpl case, in which the vh component is
also a dominant contributor among the matrix elements, and
the calculated half-life does not change significantly when
spin-orbit and tensor forces are generated; a situation that is
similar to the n1 case.

The nlpl(ind.) case, which is evaluated by considering
nl and pl as independent branches, estimates an overall
longer half-life than the "nlpl" condition. However, both
cases exhibit similar tendencies. This implies that a con-
sistent interference would be observed between the proton
and neutron core-breaking components and that such an
interference term between the proton and neutron configura-
tions would not be sensitive to the nuclear force component.
Changes in M1 transition strengths with respect to various
nuclear forces reflect the modification of effective single-
particle energies to adjust the configurations for both 5/ 2T
and 7/2% in L.

4 Conclusion

This study measured the lifetime of the first excited state
in *"La using a state-of-the-art LaBr; + plastic scintillator
array in a digital data-acquisition system. Compared with
previous measurements that used stilbene or plastic scin-
tillators, the proposed measurement effectively separates
the background contribution in the gamma line spectrum
owing to the high energy resolution of LaBr;. To measure
the lifetime of the (5/ 2;“) state in '*°La, a comprehensive

@ Springer
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shell-model study was conducted in a large model space.
Results showed that both proton and neutron core-excita-
tions were necessary to reproduce the measured lifetime
of the (5/2F) state in '**La. To reproduce the measured
L-forbidden M1 transition strength, in addition to the core-
excitation, a tensor correction was required for the effective
M1 operator with a g-factor of 0.15, which is significantly
smaller than the previously calculated value in this region
or around 2%%Pb.
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