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The β -decay strength function of nuclides produced in fission is important as it dictates the distribution
of decay energy between electrons, neutrinos and gamma rays and so is critical for calculating decay heat in
reactors and for estimating the reactor antineutrino spectrum. Several experimental techniques are available to
determine this strength function, including electron spectroscopy, gamma-ray calorimetry (TAGS spectroscopy)
and detailed, high-resolution spectroscopy with modern large HPGe arrays. This work investigates the decay
of the well-known and strongly produced fission fragment, 141Ba. A beam of 141Cs was implanted at the
target position of Gammasphere and the subsequent decay of the daughter 141Ba studied. Extensive decay
spectroscopy was possible up to the decay Q-value of 3.197(7) MeV, including a significant extension of the
level scheme, and detailed angular correlation measurements for all levels with greater than 0.25 % β feeding.
The distribution of β -decay strength was then inferred and compared to previous calorimetric studies. The
agreement was excellent and provides a benchmark for comparing strength function methods and data for a
more detailed understanding of the structure of 141La.

I. INTRODUCTION

Knowledge of the processes following the β -decay of fis-
sion fragments is essential for reactor control, through the de-
layed neutrons [1], for understanding the post-fission decay
heat produced in reactors [2], and for estimating the flux of re-
actor antineutrinos both for neutrino oscillation physics [3, 4]
and for remote monitoring of reactor operation and fuel rod
composition [5]. The distribution of β -decay probability with
excitation energy, the “Strength Function”, is critical for un-
derstanding the partition of the decay energy between neu-
trons, electrons, neutrinos and photons, and so is essential
for all these applications. Several techniques have been de-
veloped for ascertaining the strength function, including mea-
suring the spectrum of β -decay electrons, using electromag-
netic calorimetry, or performing detailed discrete-line gamma
spectroscopy using high-resolution HPGe detectors. This pa-
per describes an ultra-high statistics discrete line spectroscopy
study of a well-known fission fragment, 141Ba, in order to
compare the inferred strength function with that obtained
from calorimetry. The current measurement exploits the ef-
ficiency and granularity of the Gammasphere array to maxi-
mize the information which can be gained. Comparisons be-
tween gamma-ray calorimetry measurements and HPGe spec-
troscopy have been made in the past [6], however, these in-
volved very high Q-value decays. In this specific case, the
decay Q-value is relatively low, Q=3.197(7) MeV [7], so the
issue of high fragmentation of the gamma decay or “Pande-
monium” [8] is modest. An advantage of the discrete-line
approach is that it produces a wealth of detailed new spectro-
scopic information which can be used for testing nuclear mod-
els. This includes a determination of the spin of all the states
with β -feeding intensity above 0.25% using angular correla-

tion measurements.

In the 1990’s, Greenwood et al., [9–11] performed an ex-
tensive series of Total Absorption Gamma-ray Spectroscopy
(TAGS) measurements in the fission fragment region. While
new measurements from the Valencia/Jyvaskyla [12], ORNL
MTAS [13] and MSU SuN [14] groups are emerging, the
Greenwood et al., measurements are still the benchmark in
the decay libraries such as ENDF [15] and JEFF [16]. In
the Greenwood et al., seminal TAGS paper [9], the authors
provided an extensive discussion of the uncertainties in their
measurements and analysis, but did not give errors for their
deduced β -feeding intensities, except for the ground state to
ground state branch. This leaves a shortfall in the databases
which generally need numerical assessments of the experi-
mental uncertainties.

The main motivation for the present work was to perform a
high-sensitivity, high-resolution γ-ray measurement to bench-
mark and complement a Greenwood et al., experiment and
try to clarify the issue of accuracy and uncertainty. We chose
141Ba as a strongly-produced fission fragment, with a 5.8%
yield in thermal neutron-induced 235U fission, and a 5.1 %
yield in thermal neutron-induced 239Pu fission [16]. Knowl-
edge of the level structure of 141La populated in the decay
of 141Ba has increased steadily over the years, starting with
basic decay schemes constructed from observing individual
γ-ray transitions in the 1970’s [19, 20]. A decade later, Proto
et al., [21] and Faller et al., [22], extended the level scheme
through γ-γ coincidence measurements. Ref. [21] addition-
ally performed conversion electron spectroscopy to help de-
termine the multipolarities of low-energy transitions. The cur-
rent NNDC data evaluation [25] adopts the measurement of
Faller et al., [22], while including a few of the unplaced transi-
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tions from Ref. [21]. The Greenwood et al., measurement [9]
provided a description of the β -feeding strength to individual
excited states, but relied on the existing discrete line decay
scheme.

An additional benefit of the discrete line method is that it
provides a wealth of new data to help understand the level
structure of 141La, which lies in the transitional region above
neutron number N=82 where prolate deformation and oc-
tupole collectivity start to emerge. The ground state of 141Ba
has the N=85 neutron in a state based on the N=5 ν f7/2 shell
model orbital, perturbed into a Nilsson-like state by the rapid
onset of deformation. The ground state of 141La is closer to
the N=82 major shell closure and is characterized by a single-
particle πg7/2 state. The decay of 141Ba to 141La can be de-
scribed as the transition ν f7/2([532]3/2−)→ πg7/2(7/2+). As
the β decay is between N=5 and N=4 major shells there is an
inferred parity change, so the decays fall into the "forbidden"
category and have commensurately larger log(ft) values in ad-
dition to lack of overlap in the initial and final wave functions.

II. THE EXPERIMENT

An experiment to study the decay of 141Ba into 141La was
conducted at Argonne National Laboratory (ANL) using the
Gammasphere array [23]. A beam of 141Cs was produced
from the CARIBU fission ion source [24] and accelerated
through the ATLAS linac to 600 MeV and 850 MeV. The
141Cs beam was implanted into a 50 mg/cm2 lead foil at
the center of Gammasphere where it β decayed into 141Ba
(T1/2=24.84(17) sec) [25], followed by the β decay of 141Ba
into 141La (T1/2= 18.27(7) min) [25] and then into 141Ce (T1/2
= 3.92(3) hours). For this study the Gammasphere array con-
sisted of 99 Compton-suppressed HPGe detectors. Data were
collected with a digital data acquisition system selecting all
multiplicity > 1 "singles" triggers for 84.6 hours; 4.9x108 sin-
gle γ-ray events and 1.1x108

γ-γ coincident events were col-
lected on disc.

The singles spectrum of the decay chain, 141Cs→ 141Ba→
141La → 141Ce is shown in Fig. 1(a). The spectrum is dom-
inated by the lines corresponding to the decay of 141Cs and
141Ba. Despite the complexity of this spectrum, transitions
arising from the depopulation of levels in 141La can be eas-
ily separated in the γ-γ coincidence matrix as illustrated in
Fig. 1(b).

The data were sorted with the GSSort package [26] into
singles histograms and γγ coincidence matrices. Data anal-
ysis was performed with the Radware package [27], gf3m,
modified for matrix analysis. Energy calibrations were per-
formed internally using previously well-characterized tran-
sitions from the decays of 141Cs and 141Ba and described
by a linear function. Those transitions include 555.15 (1)-,
561.63 (1)-, 588.79 (1)-, and 646.66 (1)-keV in the decay of
141Cs [25], 190.328 (5)-, 276.95 (1)-, 304.19 (2)-, 343.67 (2)-,
1501.4-, 1820.5 -, and 2277.9-keV in the decay of 141Ba [25].
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FIG. 1: (a) Singles spectrum from the decay of 141Cs including all
subsequent daughters. (b) Background subtracted gate on the 190-
keV transition in 141La. Strong transitions in 141La are labeled by
their energy in keV.

A 0.2 keV systematic uncertainty was estimated and added in
quadrature to the statistical uncertainty in the energy deter-
mination. Efficiency calibrations were performed with well-
characterized transitions in the decay of 152Eu [28], 56Co [29],
and 182Ta [30]. An additional uncertainty of 2% was applied
to all measured intensities, to take into account the systematic
uncertainty in the efficiency calibration.

The new decay scheme was developed by inspecting the
coincidence relationships between γ rays, starting from those
already known. Most γ-ray intensities were determined by se-
lecting a transition depopulating a level and determining the
area of a transition feeding into that level. The intensity was
deduced from the area, corrected for the efficiencies of the
gating and measured transitions and the branching ratio of
the depopulating transition. The intensities were normalized
relative to the strongest transition in the level scheme, taking
Iγ (190γ)=1000.

The spins and parities of the levels were assigned from an
analysis of γ-γ directional angular correlations for selected
pairs of transitions. All pairs of γ-rays (Eγ1, Eγ2) within spe-
cific range of angles were grouped into ten different angle
bins. The normalized intensity distribution with respect to
these angles yielded the angular correlation between transi-
tions γ1 and γ2.
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FIG. 2: (Color online) Spectra supporting the new placement of a
359.8-keV transition. (a) Spectrum obtained by gating on the 675-
keV transition which feeds into the 826-keV level. The ** on the
359.2-keV transition is to emphasize that the transition is not present
or in coincidence with transitions that depopulate the 826-keV en-
ergy level. (b) Spectrum obtained by gating on the 876-keV transi-
tion which depopulates the level at 1067 keV. The 359.8-keV tran-
sition is outlined in red with an * to symbolize the transition being
relocated between the 1426- to 1067-keV energy levels.

III. EXPERIMENTAL RESULTS

Table I lists the energies and intensities of the γ rays as-
signed to the decay of 141Ba in the present work. The table
includes the addition of 8 new levels and the removal of 3,
due to lack of evidence. It also includes 60 newly observed
transitions, 11 transitions relocated in the level scheme, and
6 transitions now placed in the level scheme which were pre-
viously identified as belonging to the decay of 141Ba, but not
placed in the decay scheme. The energies of excited states
in 141La were derived from a least-squares fit to all measured
γ-ray energies. The level scheme drawing is provided as sup-
plemental material [31].

A. Decay Scheme Construction

A level at 826 keV was proposed by Faller et al., [22] on
the basis of four depopulating transitions. In the present work,
we confirm the strong 523-, 636-, and 827-keV transitions
to the 304-, 190-, and 0.0-keV levels, respectively. Faller et
al., [22] placed an additional weak transition of 359.2 keV
as populating the 467-keV level. The present γγ coincidence
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FIG. 3: (Color online) Spectrum providing evidence for a newly ob-
served 146.4-keV transition (in red). Spectrum obtained by gating
on the 685-keV ground-state transition. The 304-keV transition ob-
served in this gate results from a 687-keV transition from the 992-
keV level, which is not completely resolved from the 685-keV tran-
sition, and known to be in coincidence with the 304-keV transition.

analysis identifies a 359.8(2)-keV transition, however, placed
as depopulating the 1426-keV level. Evidence for this new
placement is provided in Fig. 2. In Fig. 2(a), a coincidence
gate on the 675-keV transition which populates the 826-keV
level is presented. The three strong depopulating transitions
are clearly observed, while a 359.2-keV transition is absent.
In a gate on the 876-keV transition which depopulates the
1067-keV level, clear evidence for a 359.8-keV transition is
observed, as shown in Figure 2(b). The observed coincidence
relations led to the new placement of the 359.8-keV transi-
tion as depopulating the level at 1426 keV. The close agree-
ment between the present measured intensity and that given
by Ref. [22] suggests that this is the same transition as re-
ported by Ref. [22].

Faller et al., [22] observed a level at 832 keV based on 364-,
527-, 641-, and 831-keV depopulating transitions which feed
into the 467-, 304-, 190-, and 0.0-keV levels, respectively.
The present work confirms both the energies and intensities
of the above mentioned transitions. Additionally, we observe
a weak depopulating transition of 146.4(2) keV feeding into
the 685-keV level. Figure 3 provides a gate on the 685-keV
ground state transition, with evidence for the newly observed
146.4-keV transition.

The 992-keV level was proposed by Faller et al., [22] on the
basis of 687- and 801-keV transitions feeding into the 304-
and 190-keV levels, respectively. These transitions were re-
ported with intensities of Iγ (687)=1.1(3) and Iγ (801)=2.9(4),
relative to Iγ (190γ)=1000. In the present work, the two strong
depopulating transitions are observed with nearly equal inten-
sities. This is illustrated in Fig. 4 which shows a gate on the
881-keV transition which populates the 992-keV level. Here
the 687- and 801-keV transitions are observed with nearly
equal intensities (Table I). Additionally, in the present work,
we identify two new depopulating transitions at 160.5(2) keV
and 165.9(3) keV which are also clearly observed in Fig. 4.

For the higher excited levels, the γ γ coincidence analy-
sis identified alternative placements for a number of transi-
tions, as summarized in Table I. For example, the present
work finds no evidence for the proposed 2774.3-, 2441.1-
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TABLE I: Levels populated in the 141Ba decay to 141La and their γ-ray decay. The relative intensities for the depopulating γ-ray transitions
are given by Iγ . The intensities are normalized to Iγ (190keV)=1000. The intensities are also compared with those from Faller et al., [22].
Energies of excited states were derived from a least-squares fit to all measured γ-ray energies. Multipolarities and mixing ratios are from an
angular correlation analysis, see text and Table II and III. Assumed multipolarities are given in square brackets.

Jπ

i Ei Jπ

f E f Eγ Iγ Mult. δ Ilit
γ ([22])

(keV) (keV) (keV)
5/2(+) 190.40(20) 7/2(+) 0.00 190.47(20) 1000(20) M1(+E2) 0.007(11) 1000(30)
5/2(+) 304.20(8) 5/2(+) 190.40 114.10(22) 2.43(5) M1+E2 0.8(2) 2.3(1)

7/2(+) 0.00 304.23(20) 583(11) M1+E2 -0.44(8) 553(17)
3/2(+) 467.37(8) 5/2(+) 304.20 163.26(20) 9.92(25) M1+E2 0.035(13) 6.4(7)

5/2(+) 190.40 277.01(20) 527(11) M1+E2 0.448(12) 509(15)
7/2(+) 0 467.22(20) 125(3) E2 124(4)

1/2(+) 580.17(10) 3/2(+) 467.37 113.14(21) 17.4(5) M1+E2 -0.16(11) 22(2)
5/2(+) 190.40 389.74(20) 30.6(7) E2 29(1)

3/2(+) 647.94(8) 1/2(+) 580.17 67.52(32) < 0.05 < 0.05
3/2(+) 467.37 180.81(21) 12.2(3) M1+E2 -0.8(6) 11.2(35)
5/2(+) 304.20 343.68(20) 338(7) M1+E2 0.026(2) 314(9)
5/2(+) 190.40 457.51(20) 112(2) M1+E2 0.75(6) 109(3)
7/2(+) 0.00 647.78(21) 127(3) E2 137(4)

3/2(+) 685.40(10) 5/2(+) 304.20 381.20(21) 3.06(9) M1+E2 -0.21(2) 2.6(4)
7/2(+) 0 685.35(22) 9.52(26) [E2] 4(1)

5/2(+) 826.42(10) 5/2(+) 304.20 522.74(20) 16.1(4) M1+E2 0.16(3) 9.4(3)
5/2(+) 190.40 635.91(20) 7.0(2) M1+E2 -3.1(16) 6.9(3)
7/2(+) 0.00 826.55(21) 10.8(3) [M1+E2] 8.6(5)

3/2(+) 831.66(8) 3/2(+) 685.40 146.4(2)b 0.40(3) [M1+E2]
3/2(+) 467.37 364.32(21) 14.0(3) M1+E2 0.11(9) 12.8(6)
5/2(+) 304.20 527.33(20) 8.2(2) M1+E2 -1.3(2) 9.9(15)
5/2(+) 190.40 641.19(20) 8.23(22) M1+E2 0.08(7) 8.7(4)
7/2(+) 0.00 831.46(20) 36.5(8) [E2] 35.1(17)

5/2(+) 929.44(9) 3/2(+) 647.94 281.60(21) 2.75(10) [M1+E2] 2.2(3)
1/2(+) 580.17 349.28(20) 7.6(2) [E2] 5.0(4)
3/2(+) 467.37 462.06(20) 113(2) M1+E2 0.025(11) 106(3)
5/2(+) 304.20 625.08(20) 77(2) M1+E2 0.51(1) 78(2)
5/2(+) 190.40 738.95(22) 98(2) M1+E2 0.75(5) 105(3)
7/2(+) 0.00 929.48(24) 16.0(3) [M1+E2] 16.3(9)

3/2(−) 991.97(10) 3/2(+) 831.66 160.5(2)b 0.71(4) [E1]
5/2(+) 826.42 165.9(3)b 0.55(3) [E1]
5/2(+) 304.20 687.42(21) 2.66(8) E1 1.1(3)
5/2(+) 190.40 801.47(22) 2.57(9) E1 2.9(4)

5/2(+) 1039.48(9) 5/2(+) 826.42 213.28(24)b 0.36(5) [M1+E2]
3/2(+) 685.40 353.94(24)b 0.26(2) [M1+E2]
3/2(+) 467.37 572.10(21) 6.17(17) M1(+E2) 0.01(2) 5.7(5)
5/2(+) 304.20 735.07(21)b 0.18(2) [M1+E2]
7/2(+) 0.00 1039.48(23) 1.53(4) [M1+E2] 1.9(3)

3/2(−) 1066.57(10) 3/2(+) 831.66 235.01(22) 1.08(5) [E1] 1.3(3)
3/2(+) 647.94 418.60(21) 1.39(5) [E1] 1.4(3)
1/2(+) 580.17 486.35(22) 1.60(6) [E1] 1.3(3)
3/2(+) 467.37 599.14(22) 5.98(17) [E1] 5.8(5)
5/2(+) 304.20 762.23(21) 4.38(14) E1 4.2(6)
5/2(+) 190.40 876.09(20) 77(2) E1 80.0(27)
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TABLE I: (continued)

Jπ

i Ei Jπ

f E f Eγ Iγ Mult. δ Ilit
γ ([22])

(keV) (keV) (keV)
1/2(+) 1171.99(9) 5/2(+) 929.44 242.67(21) 1.72(7) [E2] 2.0(3)

3/2(+) 647.94 523.98(20) 10.1(3) M1+E2 -0.6(2) 10.0(4)
3/2(+) 467.37 704.59(21) 7.34(20) M1+E2 -0.38(2) 5.8(6)
5/2(+) 304.20 867.66(21) 3.19(10) E2 2.4(4)
5/2(+) 190.40 981.52(20) 15.7(5) E2 16(2)

1188.97(15) 5/2(+) 929.44 259.53(20)b 0.42(3)
1/2(+) 580.17 608.71(20) 5.77(17) 8.0(9)

3/2(−) 1426.36(10) 1/2(+) 1171.99 254.45(20)d 0.23(2) [E1] 0.2(1)
3/2(−) 1066.57 359.8(2)c 0.28(2) [M1+E2] 0.21(17)
5/2(+) 929.44 496.87(20)b 0.73(5) [E1]
3/2(+) 831.66 594.63(20)b 0.76(4) [E1]
3/2(+) 685.40 741.06(24)b 0.36(2) [E1]
3/2(+) 647.94 778.36(21) 2.43(9) [E1] 1.7(4)
1/2(+) 580.17 846.21(23) 1.4(2) [E1] 1.4(2)
3/2(+) 467.37 959.05(23)d 0.89(5) [E1] 1.2(3)
5/2(+) 304.20 1122.13(20)b 0.35(3) [E1]
5/2(+) 190.40 1235.96(20) 2.69(10) E1 4.2(5)

5/2(+) 1501.56(9) 5/2(+) 1039.48 462.23(22) 0.81(3) [M1+E2] 1.2(6)
3/2(−) 991.97 509.63(20) 1.67(7) [E1] 3(1)
3/2(+) 831.66 669.89(21) 3.46(12) [M1+E2] 4.0(4)
5/2(+) 826.42 675.26(21) 5.5(2) [M1+E2] 6.6(6)
3/2(+) 685.40 815.96(26)b 0.21(2) [M1+E2]
3/2(+) 467.37 1034.24(21) 7.1(2) M1+E2 0.8(5) 4.1(9)
5/2(+) 304.20 1197.28(22) 97(2) M1+E2 -0.24(2) 104(3)
5/2(+) 190.40 1310.73(20) 16.7(4) M1+E2 0.14(6) 14.3(10)
7/2(+) 0.00 1501.79(26) 7.14(18) [M1+E2] 8.5(13)

1/2(+) 1547.69(17)a 5/2(+) 826.42 721.2(3)b 0.50(5) [E2]
3/2(+) 467.37 1080.32(28)b 0.24(2) [M1+E2]
5/2(+) 190.40 1357.33(22)d 2.99(11) E2 2.3(3)

1551.45(14) 5/2(+) 190.40 1361.32(20) 0.63(5) 0.70(25)
1565.98(24) 3/2(+) 685.40 880.58(21) 2.36(9) 0.7(4)
1605.51(16)a 3/2(+) 831.66 773.83(29)b 0.51(4)

3/2(+) 647.94 957.61(26)b 0.31(3)
5/2(+) 304.20 1301.29(22)c 1.69(7) 2.4(3)

3/2(−) 1628.16(10) 1/2(+) 1171.99 456.48(22)b 2.14(9) [E1]
3/2(−) 1066.57 561.48(21) 2.76(9) M1+E2 -0.8(5) 4.1(5)
5/2(+) 1039.48 588.81(22) 0.78(4) [E1] 2.7(4)
5/2(+) 929.44 698.61(21) 9.3(3) E1 8.7(5)
3/2(+) 831.66 796.36(25)b 0.65(4) [E1]
3/2(+) 647.94 980.16(22) 1.64(7) [E1] 4(1)
3/2(+) 467.37 1160.72(21) 25.1(6) E1 24(1)
5/2(+) 304.20 1323.92(20) 20.6(5) E1 21(1)
5/2(+) 190.40 1437.75(21) 2.90(10) E1 4.2(8)

1716.50(14) 3/2(+) 831.66 884.83(20) 1.08(6) 1.0(2)
1/2(+) 580.17 1136.24(24) 0.92(5) 0.8(2)
5/2(+) 190.40 1526.14(20)d 0.40(3) 1.1(3)
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TABLE I: (continued)

Jπ

i Ei Jπ

f E f Eγ Iγ Mult. δ Ilit
γ ([22])

(keV) (keV) (keV)
5/2(+) 1740.69(10) 3/2(−) 991.97 748.72(20)b 0.48(3) [E1]

3/2(+) 831.66 909.01(21) 2.56(10) [M1+E2] 2.5(4)
3/2(+) 685.40 1055.23(23) 1.18(6) [M1+E2] 2.0(4)
3/2(+) 647.94 1092.76(22) 1.57(7) [M1+E2] 2(1)
3/2(+) 467.37 1273.43(21) 11.1(3) M1(+E2) 0.02(2) 10.9(7)
5/2(+) 304.20 1436.47(20) 14.5(3) M1+E2 -0.24(6) 18.8(12)
5/2(+) 190.40 1550.45(21) 5.75(18) M1+E2 -1.3(5) 8.5(5)
7/2(+) 0.00 1740.67(20)d 6.19(17) [M1+E2] 7.1(6)

3/2(−) 1844.30(11) 1188.97 655.21(23)d 0.36(2) 0.4(3)
5/2(+) 1039.48 804.60(22) 0.99(8) [E1] 1.4(3)
3/2(+) 831.66 1012.48(21) 2.68(11) [E1] 3.2(5)
1/2(+) 580.17 1264.69(20) 17.1(4) [E1] 19(1)
3/2(+) 467.37 1376.86(21) 15.4(4) [E1] 18(1)
5/2(+) 304.20 1539.80(23) 0.94(4) [E1] 1.8(2)
5/2(+) 190.40 1653.83(20) 14.2(3) E1 20(1)

1/2(+) 1872.60(9) 1551.45 321.39(20) 0.20(1) 0.6(3)
1/2(+) 1171.99 700.50(22) 2.42(10) [M1] 2.8(3)
3/2(−) 1066.57 805.91(21) 1.69(7) [E1] 1.4(3)
5/2(+) 1039.48 833.06(21) 3.17(5) [E2] 3.6(8)
3/2(−) 991.97 880.63(21) 3.80(15) [E1] 3.2(5)
5/2(+) 929.44 943.07(20) 16.7(5) [E2] 17.5(9)
5/2(+) 826.42 1046.18(21) 7.0(3) [E2] 7.4(9)
3/2(+) 685.40 1187.35(26) 0.38(3) [M1+E2] 0.24(19)
3/2(+) 647.94 1224.60(20) 8.8(2) [M1+E2] 9.5(13)
3/2(+) 467.37 1405.25(20) 5.65(17) M1+E2 -0.25(2) 7.1(5)
5/2(+) 304.20 1568.41(21) 4.67(14) E2 6.1(6)
5/2(+) 190.40 1682.19(20) 26.5(7) E2 37(2)

3/2(−) 1926.01(10) 1/2(+) 1171.99 753.87(22) 1.79(8) [E1] 1.0(4)
5/2(+) 929.44 996.51(22) 2.92(13) [E1] 2.8(5)
3/2(+) 831.66 1094.36(21) 3.62(14) [E1] 3(1)
3/2(+) 647.94 1277.98(20) 14.1(3) E1 14.4(8)
1/2(+) 580.17 1345.83(21) 3.54(13) [E1] 3.9(4)
3/2(+) 467.37 1458.48(21) 14.0(4) E1 16.6(15)
5/2(+) 304.20 1621.74(22) 1.25(5) [E1] 1.5(4)
5/2(+) 190.40 1735.69(21)d 3.41(12) E1 4.6(8)

3/2(−) 2180.38(12) 1/2(+) 1171.99 1008.45(24)d 0.93(6) [E1] 1.4(3)
3/2(+) 647.94 1532.45(25)b 0.51(3) [E1]
1/2(+) 580.17 1600.19(24) 1.13(6) [E1] 1.4(3)
3/2(+) 467.37 1712.98(21)c 3.89(12) E1 4.6(8)
5/2(+) 304.20 1876.12(24)b 0.60(5) [E1]
5/2(+) 190.40 1989.97(21)c 3.79(12) E1 5.4(10)

1/2(+) 2216.56(11) 5/2(+) 1039.48 1176.91(20) 0.77(2) [E2] 1.5(3)
3/2(+) 831.66 1385.03(25)b 0.44(3) [M1+E2]
5/2(+) 826.42 1390.35(26) 1.14(10) [E2] 1.2(3)
3/2(+) 647.94 1568.7(2) 1.42(6) [M1+E2] 6.1(6)
3/2(+) 467.37 1748.73(22)b 0.12(2) [M1+E2]
5/2(+) 304.20 1912.40(21)c 2.99(10) E2 3.3(5)
5/2(+) 190.40 2026.38(21)d 8.02(23) E2 9.8(15)
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TABLE I: (continued)

Jπ

i Ei Jπ

f E f Eγ Iγ Mult. δ Ilit
γ ([22])

(keV) (keV) (keV)
3/2(−) 2327.22(14)a 1/2(+) 1171.99 1155.07(20)b 0.57(4) [E1]

3/2(+) 831.66 1494.95(32)b 0.17(3) [E1]
3/2(+) 647.94 1679.28(24)b 0.69(4) [E1]
3/2(+) 467.37 1859.89(22)d 1.66(7) [E1] 2.0(3)
5/2(+) 304.20 2023.39(22)b 0.06(1) [E1]
5/2(+) 190.40 2136.81(20)d 1.81(7) E1 0.7(2)

2345.2(3)a 5/2(+) 304.20 2041.03(27)b 0.22(1)
3/2(−) 2375.85(12) 3/2(−) 1926.01 449.7(2)b 0.47(4) [M1+E2]

3/2(−) 1066.57 1309.23(21) 4.07(14) M1+E2 0.6(3) 5.1(7)
5/2(+) 929.44 1446.48(20) 1.65(9) [E1] 3.1(4)
3/2(+) 647.94 1727.99(20)d 1.52(7) [E1] 2.0(2)
1/2(+) 580.17 1795.71(21)d 8.26(26) [E1] 12.5(9)

3/2(−) 2385.68(11) 1/2(+) 1171.99 1213.57(20)b 0.50(4) [E1]
5/2(+) 929.44 1456.21(20) 2.15(11) [E1] 2.8(7)
1/2(+) 580.17 1805.48(37)b 0.06(1) [E1]
3/2(+) 467.37 1918.38(20)c 1.07(5) [E1] 1.3(2)
5/2(+) 304.20 2081.35(22)b 0.37(3) [E1]
5/2(+) 190.40 2195.4(2)d 1.79(7) E1 2.1(3)

5/2(+) 2468.74(9) 3/2(−) 1926.01 542.5(2) 0.95(6) [E1] 1.8(5)
3/2(−) 1628.16 840.5(2) 1.09(4) [E1] 1.0(2)

1551.45 917.32(20) 0.56(3) 1.2(2)
5/2(+) 1501.56 967.05(20) 0.54(3) [M1+E2] 0.7(2)
1/2(+) 1171.99 1296.72(21)b 0.27(3) [E2]
3/2(−) 991.97 1476.62(21)b 0.25(3) [E1]
5/2(+) 929.44 1539.40(20) 0.79(6) [M1+E2] 1.8(2)
5/2(+) 826.42 1642.39(25) 1.16(8) [M1+E2] 1.8(3)
3/2(+) 647.94 1820.86(20) 1.68(7) [M1+E2] 2.6(3)
3/2(+) 467.37 2001.8(5)b 0.06(1) [M1+E2]
5/2(+) 304.20 2164.51(21)c 3.66(12) M1+E2 -0.34(18) 3.9(9)
5/2(+) 190.40 2278.46(20) 1.88(7) [M1+E2] 2.4(2)
7/2(+) 0.00 2468.86(21) 4.44(11) [M1+E2] 5.3(3)

2485.8(4)a 3/2(+) 831.66 1654.21(38)b 0.14(2)
5/2(+) 304.20 2181.32(36)b 0.03(1)

2700.36(14)a 5/2(+) 929.44 1770.77(36)b 0.21(3)
3/2(+) 831.66 1868.38(33)b 0.15(2)
3/2(+) 647.94 2052.14(39)b 0.14(1)
1/2(+) 580.17 2120.04(29)b 0.28(2)
5/2(+) 304.20 2396.68(22)b 0.04(1)
5/2(+) 190.40 2509.49(35)b 0.12(1)

2772.45(17)a 3/2(+) 647.94 2124.4(4)b 0.09(1)
3/2(+) 467.37 2304.41(27)b 0.38(3)
5/2(+) 304.20 2468.68(22)b 0.04(1)

2808.5(3)a 3/2(+) 647.94 2160.9(4)b 0.06(1)
1/2(+) 580.17 2228.04(32)b 0.12(2)
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TABLE I: (continued)

Jπ

i Ei Jπ

f E f Eγ Iγ Mult. δ Ilit
γ ([22])

(keV) (keV) (keV)
2956.0(3)a 3/2(+) 647.94 2308.02(45)b 0.03(1)

5/2(+) 304.20 2651.7(5)b 0.03(1)
5/2(+) 190.40 2765.6(5)b 0.02(1)

aNewly observed energy level.
bNewly observed γ-ray transition.
cRelocated γ-ray transition from the evaluated level scheme.
d
γ-ray transition previously observed, but unplaced in the decay of 141Ba.
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FIG. 4: (Color online) Spectrum providing support for newly identi-
fied 160.5- and 165.9-keV transitions (in red) depopulating the level
at 992 keV. Spectrum was obtained by gating on the 881-keV transi-
tion which feeds into the 992-keV level. Note the break in the x axis
energy between 200 and 650 keV.

and 2293.7-keV levels [22] after relocating the transitions that
depopulate those levels. Evidence to remove the previously
proposed 2293.7-keV level by relocating the 1301.29(22)-
, 1712.98(21)- and 1989.97(21)-keV depopulating transi-
tions (reported as 1302.1, 1712.7, and 1990.0 respectively in
Ref. [22]) is given in Fig. 5. The 1990-keV transition was
previously suggested to depopulate the 2293.7-keV level and
feed into the 304-keV level. Figure 5(c) provides a gate on
the 304-keV transition where no coincidence with a 1990-keV
transition is observed. In contrast, Fig. 5(a) shows a gate on
the 190-keV transition where coincidence with a 1990-keV
transition is clearly observed. Both the γ γ coincidence rela-
tionships and energy sums, suggest that the 1990-keV transi-
tion depopulates a previously observed level at 2180 keV. A
1713-keV transition was previously placed [22] as depopulat-
ing the 2293.7-keV level and feeding into the 580-keV level.
In the present work, we find no coincidence relationship be-
tween a 1713-keV transition and the 113- or 390-keV transi-
tions known to depopulate the 580-keV level. Instead, a 1713-
keV transition is strongly observed in a gate on the 277-keV
transition, as demonstrated in Fig. 5(b), also placing the 1713-
keV transition as depopulating the known 2180-keV level.
The final transition which formed support for the proposed
2293.7-keV level was a 1302.1-keV transition [22] placed as
feeding into the 992-keV level. No evidence was observed for
a 1302.1-keV transition in coincidence with either the 687-
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FIG. 5: (Color online) Spectra gated on the a) 190-keV, b) 277-keV
and c) 304-keV transitions, providing evidence of new transitions (in
red) and evidence to remove the 2293.7-keV energy level by relocat-
ing it’s depopulating transitions (in red with an *). Note the cut in
the x axis energy in panel (c).

or 801-keV transitions which depopulate the 992-keV level.
As shown in Fig. 5(c), a 1301-keV transition is observed in
coincidence with the 304-keV transition. This suggests that
the 1301-keV transition depopulates a newly observed level
at 1605.5 keV; this is further supported by the observation of
two additional depopulating transitions (see Table I).
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B. Spin and Parity Assignments

In the evaluated data [25], the ground state spin of 141La is
tentative, (7/2+). There is sufficient evidence from the A=141
chain that J=7/2 can be firmly assigned, which is essential for
fixing the excited state spins. Both the parent and daughter of
141La have directly measured ground-state spins, with J= 7/2
for 141Ce from paramagnetic resonance [32] and J= 3/2 for
141Ba [33] from hyperfine spectroscopy measurements. 141La
decays to 7/2− and 9/2− levels in 141Ce with log ft values [25]
of 7.3 and 7.8, respectively, which limits the J of the 141La
ground state to 7/2 or 9/2. Strong β feeding to the 190-keV
level from the decay of the Jπ = 3/2− ground state of 141Ba,
limits the J of the 190-keV level to 1/2, 3/2, or 5/2. These spin
possibilities, coupled with the known M1 character [25] of the
190-keV γ ray, give J=7/2 for the ground state and J=5/2 for
the 190-keV level in 141La. There is no direct experimental ev-
idence for the parity of the 141La ground state. The neighbor-
ing nuclei, 139La and 137La, both have Jπ = 7/2+, suggesting
positive parity from a systematics argument. Assignment of a
single-particle πg7/2 configuration to the ground state further
supports the positive parity assignment. Given that the parity
assignment can only be based on systematics and theory con-
siderations, for the subsequent discussion we adopt Jπ =7/2(+)

for the 141La ground state.

For a cascade of two E2/M1 mixed transitions, the angu-
lar correlation can vary considerably depending on the mixing
ratio of each transition. Therefore, it is critical to determine
the mixing ratio for at least one of the two transitions in the
cascade to avoid ambiguity in the spin and multipolarity as-
signments. In previous studies [19, 21, 22], the 190-keV γ ray
was reported as M1/E2 in character with the mixing ratio, δ ,
nearly equal to zero. From conversion electron measurements
of α(K) and K/L subshell ratios, the mixing ratio of the 190-
keV transition could be constrained to <0.3, with pure M1
being adopted by the evaluated data [25]. This constrains the
190-keV γ as a 5/2(+) to 7/2(+) transition, also based on argu-
ments discussed above. The second excited level populated in
141Ba decay at 304 keV, decays by a 304-keV transition with a
measured α(K) of 0.035(5) [25], which indicates mixed multi-
polarity; theoretical values [34] are 0.044 for an M1 transition
and 0.036 for an E2 transition.

As many transitions feed into the 190- and 304-keV lev-
els, it is important to confirm and perhaps better constrain
their multipolarities. This was accomplished by first iden-
tifying transitions higher in the level scheme with stretched
quadrupole or dipole character. In Table I, one finds a subset
of levels at 992, 1067, 1172, 1426, 1548, 1628, 1717, 1844,
1873, 1926, 2180, 2217, 2327 and 2386 keV which favor-
ably decay to the 5/2(+) and 3/2(+) states but no transitions
to the 7/2(+) ground state are observed. This decay pattern
would suggest possible spins and parities for these states of
3/2(−) or 1/2(+) because M2 or M3 transitions are hindered
in the electromagnetic decay of nuclear states when compet-
ing with E1, M1 and E2 transitions. As these levels generally
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FIG. 6: (Color online) Measured angular correlations for cascades
with the 190-keV γ ray as one of the transitions, and the other one
decaying from 1/2(+)levels, as shown in panels (a), (b) and (c), or
from 3/2(−)levels, as shown in panels (d),(e), and (f). Red lines in
the figures correspond to fitted angular correlation functions with the
other γ rays being stretched D or Q transitions.

have multiple decay paths, different cascades from the same
level can be analyzed to determine a consistent J for the ini-
tial level in the cascade. Examples of this analysis are given
in Figs. 6 and 7, where the measured angular-correlation pat-
terns for pairs of transitions forming cascades with the 190-
or 304-keV γ rays agree well with (1/2(+), 3/2(−)) → 5/2(+)

→ 7/2(+) cascades. With the spin fixed and considering these
are stretched quadrupole (for 1/2(+) states) or pure dipole (for
3/2(−) states), the mixing ratio of the 190- and 304-keV tran-
sitions can be determined for a number of cascades. These
data are provided in Table II. From this analysis, the average
E2/M1 mixing ratios for the 190- and 304-keV transitions are
estimated as δ = 0.007(11) and δ = −0.44(8), respectively,
which are consistent with those deduced from conversion co-
efficient measurements [19, 21].

For the analysis of angular correlations related to
γ1(D/Q) → γ2(D/Q) cascades with γ2 as the 190- or 304-
keV transition, the mixing ratios in the subsequent analysis
are fixed as 0.0 and -0.4, respectively. Then, as demonstrated
in Fig. 8, the J and mixing ratio for the first γ ray in the cas-
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TABLE II: Results of γγ angular correlations used to determine the mixing ratios of 190- and 304-keV transitions. Ei gives the initial level
energy, γ1γ2 gives the two gamma rays analyzed in the cascade and a2,a4 are the coefficients obtained from a fit to Legendre polynomials of
the angular correlation data. The assumed multipolarity of the first γ ray in the cascade is given in the Multγ1 column and the δγ2 is the mixing
ratio extracted for the 190 or 304 γ ray.

Ei γ1γ2[keV] a2 a4 Mult.γ1 δγ2
580.17 390-190 -0.067(5) -0.001(7) Q -0.006(8)
991.97 801-190 0.11(2) -0.02(3) D 0.12(4)
991.97 687-304 -0.268(19) -0.00(3) D -0.9(1)
1066.57 876-190 0.077(4) 0.003(6) D 0.052(8)
1066.57 762-304 -0.074(18) 0.036(25) D -0.27(5)
1171.99 982-190 -0.044(9) 0.007(13) Q -0.037(12)
1171.99 868-304 0.238(19) -0.01(3) Q -0.6(2)
1426.36 1236-190 0.07(4) 0.04(5) D 0.04(8)
1547.69 1357-190 -0.07(4) 0.03(6) Q 0.0(5)
1628.16 1438-190 0.05(3) -0.00(4) D 0.00(5)
1628.16 1324-304 -0.166(8) -0.014(12) D -0.6(1)
1844.30 1654-190 0.065(12) 0.020(17) D 0.029(23)
1872.60 1682-190 -0.045(8) 0.002(12) Q -0.036(11)
1872.60 1568-304 0.187(19) 0.04(3) Q -0.44(5)
1926.01 1736-190 0.049(24) -0.08(3) D 0.0(5)
1926.01 1278-344 -0.016(13) 0.007(19) D 0.05(3)
2180.38 1990-190 0.09(2) 0.02(3) D 0.08(4)
2216.56 2026-190 -0.062(17) -0.014(24) Q -0.013(23)
2216.56 1912-304 0.18(3) 0.00(4) Q -0.4(1)
2327.22 2137-190 0.05(4) 0.10(5) D 0.00(8)
2385.68 2195-190 0.13(4) 0.02(5) D 0.15(8)

cade can be determined. The results of the angular correla-
tion analysis for transitions feeding into the 190-, 304-, 467-
and 1067-keV levels are summarized in Table III. We apply
two assumptions to arrive at the multipolarities given in Ta-
ble I, first that Q transitions are E2 in character and second,
that D+Q transitions with a non-zero mixing ratio are M1+E2
in character. These are both supported by the prompt nature
of the transitions observed in coincidence which makes M2
character for the transitions unlikely. In arriving at the Jπ as-
signments given in Table I, we additionally consider the pop-
ulating and depopulating patterns of the state of interest.

C. Gamma Intensity Normalization

The current evaluated data [25] gives an absolute intensity
for the 190.5-keV transition as 45.5(14) %. This is indirectly
determined from Ref. [21], where the authors indicate they
determined the absolute intensity of the 190.5-keV transition
based on the 1354.52-keV absolute intensity in the decay of
141La. Ref. [21], however, does not explicitly provide the ab-
solute intensity, only the ground-state to ground-state β feed-
ing calculated using their decay scheme, which the evaluated
data uses to deduce the 190.5-keV transition absolute inten-
sity.

In the present work, we determine the absolute intensity
of the 190-keV transition by linking it to the decay of the
141La daughter, taking Iγ (1354γ)=1.64(7)% from Ref. [35].

The decay of 141Cs and subsequent daughter have relatively
short half-lives compared to the decay of 141La (T1/2= 3.92
(3) hrs), therefore, it would take at least 20 hours for the decay
of 141Ba and 141La to reach equilibrium. The full time span
of the experiment with beam intensity being stable lasted for
34 hours. The data from the last 3 hours allows us to ensure
that an equilibrium condition was met, while obtaining suffi-
cient statistics for the analysis. From the ratio of the 190- and
1354-keV γ-ray intensities, we obtain Iγ (190γ)=44.8(21)%, in
excellent agreement with the evaluated data. Note that the
uncertainty from our measurement is dominated by that of
the intensity of the 1354-keV transition (σ = 4.2%), with the
combined uncertainty of statistical and detector efficiency in
the present work being 2.1%. Because the evaluated Iγ (190γ)
was deduced in a similar manner relying on the independently
measured Iγ (1354γ) value, it is difficult to understand how the
evaluated Iγ (190γ) value achieved a smaller uncertainty than
that of Iγ (1354γ).

IV. DISCUSSION

In the past, comparisons have been made between gamma-
ray calorimetry (TAGS) measurements and HPGe spec-
troscopy, for example in Ref. [6]. There is no doubt that when
the decay Q-value is large, 10 MeV or more, fragmentation of
the gamma decay paths, "Pandemonium", makes it impossi-
ble for even modern large HPGe arrays to track all the decay
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TABLE III: Assigned multipolarities and deduced mixing ratios from the γγ angular correlation analysis. Ei gives the initial level energy, γ1γ2
gives the two gamma rays analyzed in the cascade and a2,a4 are the coefficients obtained from a fit to Legendre polynomials of the angular
correlation data. Mult.γ1 and δγ1 are the multipolarity and mixing ratio, respectively, determined for the first transition in the cascade. The
mixing ratios of the 190- and 304-keV transition are fixed as 0.0 and -0.4, respectively.

Ei γ1γ2[keV] a2 a4 Mult.γ1 δγ1
304.20 114-190 0.04(1) -0.007(14) D+Q 0.8(2)
467.37 277-190 0.132(1) -0.0020(17) D+Q 0.448(12)
467.37 163-304 -0.140(8) 0.011(12) D+Q 0.035(13)
580.17 113-467a -0.03(3) -0.03(3) D+Q -0.16(11)
647.94 458-190 0.166(4) -0.003(5) D+Q 0.75(6)
647.94 344-304 -0.135(1) -0.0008(20) D+Q 0.026(2)
647.94 181-467a 0.15(3) 0.06(4) D+Q -0.8(6)
685.40 381-304 -0.045(15) -0.074(22) D+Q -0.21(2)
826.42 636-190 -0.022(16) -0.017(24) D+Q -3.1(16)
826.42 523-304 0.081(10) 0.030(15) D+Q 0.16(3)
831.66 641-190 0.069(16) 0.019(23) D+Q 0.08(7)
831.66 527-304 0.335(13) 0.003(18) D+Q -1.3(2)
831.66 364-467a 0.032(20) 0.04(3) D+Q 0.11(9)
929.44 739-190 0.038(3) 0.004(5) D+Q 0.75(5)
929.44 625-304 -0.034(3) 0.010(5) D+Q 0.51(1)
929.44 462-277b 0.009(4) -0.001(6) D+Q 0.025(11)

1039.48 572-277b 0.049(13) 0.007(19) D 0.01(2)
1039.48 572-467a 0.02(4) -0.07(6) D(+Q) 0.2(2)
1171.99 705-277b -0.117(16) 0.008(24) D+Q -0.38(2)
1171.99 524-647a 0.07(3) 0.03(5) D+Q -0.6(2)
1501.56 1311-190 -0.037(10) 0.017(15) D+Q 0.14(6)
1501.56 1197-304 0.198(4) 0.000(5) D+Q -0.24(2)
1501.56 1034-467a 0.09(4) 0.000(5) D+Q 0.8(5)
1628.16 561-876c -0.12(3) -0.06(5) D+Q -0.8(5)
1628.16 1161-467a 0.05(2) -0.02(3) D(+Q) 0.03(9)
1740.69 1550-190 -0.069(18) 0.012(25) D+Q -1.3(5)
1740.69 1436-304 0.199(10) 0.005(15) D+Q -0.24(6)
1740.69 1273-277b 0.045(13) -0.026(18) D(+Q) 0.02(2)
1872.60 1405-277b 0.023(18) -0.02(3) D+Q -0.25(2)
2375.85 1309-876c 0.04(3) 0.05(5) D+Q 0.6(3)
2468.74 2165-304 0.214(24) -0.01(3) D+Q -0.34(18)

aStretched Q transition used for γ2 in the angular correlation analysis.
bD+Q transition with δ=0.44 used for γ2 in the angular correlation analysis.
cStretched D transition used for γ2 in the angular correlation analysis.

strength, and trace the flux from high-lying states. Thus, it has
been argued that the TAGS measurements always have the ad-
vantage in describing the global features associated with the
β -decay strength function, while discrete γ-ray spectroscopy
is advantageous for studying individual states fed in β decay.
In this specific case, with a more modest Q-value window,
the discrete line spectroscopy appears to fully capture all the
strength function features extracted from TAGS and, in addi-
tion, provides a wealth of new spectroscopic detail. Overall,
the more detailed the discrete decay scheme is, the more re-
liable the additional information that can be extracted from
low-resolution TAGS measurements becomes.

A. Gamma-ray Transitions

In the present measurement, γ-ray transitions in the decay
of 141Ba have been identified down to the level of 0.002 %
of the strongest, 190.5-keV transition, revealing the existence
of more weakly populated states. Additionally, the absolute
intensity of the 190.5-keV transition has been determined us-
ing the absolute intensity of the 1354.5-keV transition in the
decay of the daughter nucleus, 141La. Spins and parities are
proposed for the majority of states based on the angular corre-
lation measurements, with the determination of multipolarity
and mixing ratios for most of the transitions.

The transition intensities are in close agreement when com-
paring the results of the present work and with those of the
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FIG. 7: (Color online) Measured angular correlations for cascades
with the 304-keV γ ray as one of the transitions, and the other one
decaying from 1/2+ levels, as shown in panels (a), (b) and (c), or
from 3/2− levels, as shown in panels (d),(e), and (f). Red lines in
the figures correspond to fitted angular correlation functions with the
other γ rays being stretched D (right panels) or Q (left panels) transi-
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FIG. 9: (Color online) Comparison of discrete γ-ray intensities from
the present work to those from the evaluated data [25]. Equal values
from both data sets are represented by the red dashed line.

evaluated data [25], as demonstrated in Fig. 9, with a tendency
of the higher the intensity the better the agreement. The high-
sensitivity of the Gammasphere data can be demonstrated by
the observation of a number of new transitions with intensities
up to 5 orders of magnitude lower than that of the strongest
transition, particularly for high-energy γ rays above 1500 keV.

B. Beta Feeding

The direct β -feeding intensities to each excited level are de-
duced from the γ-ray intensity imbalance of transitions pop-
ulating and depopulating each level, with conversion electron
contributions taken into account. The code BrIcc [34] was
used to calculate conversion coefficients. For transitions with
undetermined multipolarities, their conversion coefficients are
the average of the theoretical values for dipole or E2 multipo-
larity, with an uncertainty covering the full range. The de-
duced β feedings are presented in Table IV along with those
from the previous evaluated data [25] and from Greenwood et
al., [9].

As seen in Fig. 10(a), the β -feeding strength does not ex-
hibit any regularity with respect to excitation energy, a behav-
ior expected in the β -decay process which is governed by two
factors: β -decay selection rules and available phase space.
The sensitivities of different measurements in determining the
β feeding are compared with each other following a practice
similar to that presented for the γ intensity comparisons. At
first glance, the data points plotted in Fig. 10(b) show no no-
table deviations from the blue dashed line, which represents
the case where the compared datasets have the same values,
particularly for Iβ ≥ 1%, except for a level at 1926 keV, whose
β feeding intensity is measured as 1.94(10)% (present work)
versus 0.46% (TAGS). Following a closer check with values
listed in Table IV, the appreciable difference can be resolved
by exchanging the value for this level with that for the adja-
cent level at 2180 keV, suggesting these numbers might have
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FIG. 10: (Color online) (a) Beta-feeding intensities to excited states
obtained from the transition strength balance analysis in this work;
and (b) comparison of β -feeding intensities from the present work
with those in the evaluated data [25] also obtained from an intensity
balance (solid black squares), and with the TAGS measurements by
Greenwood et al. [9]. The blue dashed line represents the case where
the compared data have the same values.

been accidentally interchanged in Ref. [9].
Differences in the results of the three measurements regard-

ing feeding strengths below 1% can be associated with differ-
ences in the sensitivities of γ-ray detection. As stated in the
introduction, the accuracy of the feeding strength measured
by discrete γ-ray spectroscopy suffers from the disadvantage
in γ-ray detection efficiency because of the missing feedings
from the undetected γ rays. On the other hand, the TAGS mea-
surements have the advantage in efficiency, but lack of energy
resolution. As a result, it is difficult to identify weakly popu-
lated states individually in this case. In most instances, only
the states observed by high-resolution measurements are in-
cluded in the deconvolution analysis to extract their feeding
strengths. Here, the Gammasphere measurement allows im-
provements in both aspects with more levels identified than
in earlier measurements [25], and with β -feeding intensities
determined for levels with strengths two orders of magnitude
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FIG. 11: (Color online) Distribution of log ft values from the present
work for (a) all levels, (b) levels where spin changes by 0,1 with
no parity change, (c) levels where spin changes by 0,1 with parity
change.

smaller than was the case in Ref. [9], and also determined with
well-quantified uncertainties.

However, with the advantage/disadvantage for different
measurements in mind, an important issue needs to be ad-
dressed: which method is better to account for the β feeding to
the ground state? Gamma decay of highly excited states asso-
ciated with increased level density cannot be unambiguously
detected by high-resolution γ-ray spectroscopy. As a result,
these transitions are not apparent as γ-ray peaks to be included
in the extraction of the ground-state feeding. In contrast, all of
these transitions are properly assessed in the TAGS analysis
of ground-state feeding, particularly for cases with large β -
decay Qβ values, where the Pandemonium effect [8] becomes
significant. Through the above comparisons with the 141Ba β -
decay data, the three measurements come up with consistent
ground-state feeding strengths, as listed in Table IV, within
the uncertainty, especially the two from discrete γ-ray spec-
troscopy agreeing with each other satisfactorily. Even though,
in this case, the concern about the missing strength caused by
Pandemonium effect is minimized due to the relative low Qβ

value, the TAGS measurement quantifies the result with a bet-
ter uncertainty assessment, making it an attractive option to
determine the ground-state feeding, the latter being an impor-
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tant quantity needed for nuclear applications.

C. Log ft Values

The log ft values are listed in Table IV along with those
from the evaluated data [25]. They are computed un-
der the condition of the 141Ba ground-state property being
T1/2=18.27(7) min and Qβ = 3197 (7) keV [7]. The distri-
bution of all log ft values presented in Fig. 11 is obtained by
summing the states populated with a given log ft value. All the
measured log ft values are in the range between 6 and 10, con-
sistent with first-forbidden β transitions [36] without taking
into account the change in spin and parity.

A group of log ft values centered around 6.5 is apparent in
Fig. 11(a) along with an enhanced group at 8.2. It could be
postulated that most of the states for the lower group can be
associated with transitions to Jπ = 3/2− states, while ∆π =−
transitions correspond to the higher one, with the underlying
assumption that allowed transitions could be well separated
from first-forbidden transitions in terms of log ft values. How-
ever, as seen in Fig. 11(b) and (c), a similar pattern for both
cases is observed, suggesting that the decay strength is influ-
enced notably by the nuclear structure properties, beside the
β -decay selection rule.

As shown in Fig. 11(c), the first-forbidden selection rule is
followed for the decay to positive-parity levels with excita-
tion energy below 1.5 MeV. The log ft values for Elevel > 1.5
MeV are concentrated near 6.5, a value closer to that for al-
lowed transitions. On the basis of this observation, the on-
set of substantial collectivity can be speculated to manifest
itself above 1.5 MeV, where the configurations comprise a siz-
able admixture of the deformed ground-state wavefunction of
140Ba, leading to significant overlap between initial and final
states.

Direct population of Jπ = 3/2− levels is expected to be
through allowed transitions with log ft values smaller than
6 [36], but the measured values, as shown in Fig. 11(b), ap-
pear to be those for first forbidden transitions. To produce
a negative-parity state within the shell-model framework in
141La requires either breaking a pair of neutrons, with one of
them excited across the N = 82 shell gap, or one proton oc-
cupying the h11/2 orbital. In both schemes, the excitation to
the final configurations are not energetically favorable. There-
fore, these levels with Jπ = 3/2− could not be interpreted in
a straightforward way as single-particle states. They likely re-
sult from particle states coupled to the 1803-keV, 3− state of
the 140Ba core.

Particularly, the spin and parity of the 992-keV state is as-
signed as 3/2−, and is expected to be populated by an allowed
transition. However, its log ft value is determined to be 9.7(3),
corresponding to a first-forbidden transition at its upper limit.
This gives rise to concern about the Jπ assignment. A J=3/2
assignment can be confirmed by the angular correlations of
801γ − 190γ (Fig. 6(f)) and 687γ − 304γ (Fig. 7(f)) transition
pairs being consistent with J = 3/2 in a fashion similar to that
of other transitions with the same assignments. In addition,
it is proposed as a negative-parity state by the observation of

being populated by 1/2+ levels without decaying to the 7/2+

ground state. In conclusion, the assignment of Jπ = 3/2− to
the 992-keV state is well justified. Therefore, the unexpected
large log ft value is speculated to be due to a structure effect
where the overlap between this state and 141Ba ground state is
small.

It has been pointed out that octupole correlations are in-
significant for the properties of the 2+ state of 140Ba [37], but
they are thought to play a major role in the 3− level [18]. The
3− level is located at 1803 keV, and the lowest positive-parity
13/2+ state with the same origin in 141Ba is at 1341 keV.
The high excitation energies prevent mixing with the 141Ba
ground state. As a result, being coupled to the 3− state of
140Ba, the 991-keV, 3/2− state is very weakly populated by
the β -decay of 141Ba. It is worth noting that the decay of
143Ba to the negative-parity state at similar excitation energy
in 143La follows the selection rules satisfactorily with a log ft
value equal to 5.8 [38]. This situation can be interpreted as
due to the fact that the lowered 3− state with substantial oc-
tupole strength in 142Ba [18] facilitates its mixing with the
143Ba ground state [39].

V. CONCLUSION

Detailed and comprehensive information on the beta de-
cay of 141Ba has been acquired by gamma-ray coincidence
measurements using Gammasphere, taking advantage of the
availability of a short-lived radioactive beam delivered by the
CARIBU facility. An updated decay scheme is established
by γ-γ coincidence relationships enabling the observation of
weaker γ transitions, as well as the measurement of γ-γ an-
gular correlations. The extension of the level scheme demon-
strates the need for a more sensitive and advanced spectrom-
eter such as Gammasphere. The beta feedings were com-
pared with the results of a Greenwood et al., TAGS measure-
ment and indicates the advantage and disadvantage of the dis-
crete γ-ray spectroscopy and total absorption spectroscopy,
respectively. Even though the level structure of 141La ap-
pears complex, with rather mixed configurations, the distri-
bution of log ft values indicates that the wave functions of the
negative-parity states are dominated by the coupling to the 3−

state in the even-even core 140Ba. The positive-parity states
at lower energies can be understood as single-particle excita-
tions, while, at higher energies, prolate deformed configura-
tions are qualitatively prevalent.
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TABLE IV: Level energies and beta feeding intensities (absolute intensities per 100 decays) following the decay of 141Ba into excited states of
141La. The beta intensities were calculated from a γ-ray intensity balance and are compared to those from Refs. [9, 25].

E(level) [keV] Jπ Iβ−[Present] log ft [Present] Iβ− [25] log ft [25] Iβ− [9]
2956.0 0.0036(8) 6.97(11)
2808.5 0.0081(11) 7.29(7)

2772.45 0.0228(19) 6.97(5)
2700.36 0.042(3) 6.93(4)
2485.8 0.0076(11) 8.21(7)

2468.74 5/2(+) 0.78(4) 6.24(3) 0.85(5) 6.21(3) 0.28
2385.68 3/2(−) 0.266(15) 6.87(3) 0.65
2375.85 3/2(−) 0.72(4) 6.46(3) 1.01
2345.2 0.0099(7) 8.38(4)
2327.22 3/2(−) 0.222(12) 7.06(3)
2216.56 1/2(+) 0.67(4) 6.77(3) 0.28
2180.38 3/2(−) 0.486(25) 6.964(25) 1.57
1926.01 3/2(−) 1.94(10) 6.724(25) 1.88(12) 6.74(3) 0.46
1872.60 1/2(+) 3.64(18) 6.518(24) 4.39(20) 6.443(22) 4.61
1844.30 3/2(−) 2.32(12) 6.749(24) 2.88(13) 6.661(22) 2.31
1740.69 5/2(+) 1.94(10) 6.949(24) 2.03(11) 6.935(25) 2.21
1716.50 0.108(7) 8.23(3) 0.082(14) 8.36(8) 0.074
1628.16 3/2(−) 2.90(15) 6.899(24) 3.08(14) 6.878(22) 3.32
1605.51 0.112(7) 8.34(3)
1565.98 0.106(7) 8.40(3) 0.032(19) 8.9(3) 0.028
1547.69 1/2(+) 0.167(10) 8.22(3)
1501.56 5/2(+) 6.2(3) 6.701(23) 6.6(3) 6.678(21) 6.18
1426.36 3/2(−) 0.454(25) 7.910(25) 0.74
1188.97 0.261(15) 8.37(3) 0.34
1171.99 1/2(+) 1.32(7) 7.678(24) 1.65(12) 7.58(4) 1.38
1066.57 3/2(−) 3.71(20) 7.317(25) 3.79(18) 7.312(22) 3.69
1039.48 5/2(+) 0.093(11) 8.94(6) 0
991.97 3/2(−) 0.016(10) 9.7(3) 0
929.44 5/2(+) 12.6(7) 6.896(25) 12.5(5) 6.903(19) 11.99
831.66 3/2(+) 2.24(12) 7.720(24) 2.15(15) 7.74(3) 1.84
826.42 5/2(+) 0.80(5) 8.17(3) 0.31(7) 8.59(10) 0.28
685.40 3/2(+) 0.330(21) 8.66(3) 0.17(6) 8.95(16) 0.184
647.94 3/2(+) 25.0(13) 6.805(24) 24.4(10) 6.819(19) 23.06
580.17 1/2(+) 0.63(7) 8.45(5) 1.1(4) 8.21(16) 0.65
467.37 3/2(+) 18.8(11) 7.05(3) 18.1(11) 7.07(3) 19.37
190.40 5/2(+) 7.4(13) 7.63(8) 8.3(19) 7.58(10) 10.15

0.0 7/2(+) 4(4) 9.41u(5) 4.4(22) 9.411u(22) 1.7(15)
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