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γ-ray spectroscopy of 140La decay for nuclear forensics applications
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140La is an important isotope in nuclear forensics. It is typically paired with 140Ba as a chronometer for dating
nuclear events. In this work, we report the results of two measurements performed to fully characterize the
decay scheme of 140La. The experiments were performed using the Gammasphere array at Argonne National
Laboratory and the CLARION2 array at Florida State University. Sources of 140La were produced through
neutron irradiation of natural lanthanum (99.9% 139La) in the University of Massachusetts Lowell research
reactor. We identify a total of 40 transitions, three of which were not previously reported. An angular correlation
analysis was conducted confirming current literature J assignments and mixing ratios. By considering all data
available in the literature, we provide new recommended values for the intensities of the strongest transitions
commonly used in applications.

DOI: 10.1103/4g27-8l8x

I. INTRODUCTION

Nuclear forensics analysis aims to determine the origin
and history of nuclear material through appropriate analyt-
ical techniques. Postdetonation analysis is among the most
challenging tasks of nuclear forensics, where information re-
garding a nuclear event is inferred from the analysis of its
debris. Mass A = 140 is prominently produced in fission of
major actinides, with mass yields of about 4.5–6% in fission of
235U induced by neutrons with energies ranging from thermal
to 14 MeV [1]; and noble gas 140Xe, a precursor of 140La,
is one of the most abundant fission products, as shown in
Fig. 1. These characteristics, combined with its half-life [T1/2

= 1.67858(21) d [2]] and strong, high-energy 1596 keV γ -ray
transition, make 140La valuable not only for nuclear forensics
but also for applications in the nuclear industry, such as quan-
tifying rodwise power distribution in reactor fuel [3].

The time elapsed since the nuclear event, or zero time,
is one of the quantities of interest. The zero time can be
estimated through an analysis of the relative abundances of
140La and its parent, 140Ba. Both isotopes are produced in
the β− decay chain of 140Xe, which is a noble gas that can
easily go airborne, allowing its daughters to be detected far
from the production site. The inability to contain the parent
noble gas allows for the detection of 140La and 140Ba even af-
ter underground testing. Furthermore, since neither naturally
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exists, detection of these nuclides can be directly linked to a
nuclear event. The activation technique, i.e., the detection of
the characteristic γ rays emitted in the decay of radionuclides,
is the most common way to quantify 140La and 140Ba. This
method was applied in 2010 when the International Moni-
toring System [4] detected 140Ba and 140La in atmospheric
samples. Following a 24-h collection, it was proved that the
zero time could be estimated to within one day of the event [5].
More recently, measurement of 140La was also proposed as a
novel method to estimate the content of uranium in samples
following neutron activation analysis [6].

The activation technique relies heavily on a solid knowl-
edge of the intensities of selected γ -ray transitions. A recent
study by Pommé et al. [7] showed that neither the Evaluated
Nuclear Structure Data File (ENSDF) [8] nor the Decay Data
Evaluation Project (DDEP) [9] contains 140La decay data that
are sufficiently precise or accurate to predict the zero-time
effectively. Both databases had a bias to underestimate the
zero time by a day. These limitations could arise from inac-
curacies in the evaluated γ -ray intensities, currently based on
experiments performed in 1991 and earlier, and highlight the
need for updated decay data in order to reliably use 140La in
nuclear forensics.

140La decays exclusively to 140Ce (%β− = 100), with a
β−Q-value of 3762.2 (13) keV [10] and a half-life of 40.284
(3) h [2]. Direct decay from the Jπ = 3− ground state of
140La to the even-even 140Ce ground state is highly forbidden,
leading to the preferential population of excited states in the
β− decay process.
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FIG. 1. Heat-map representing the independent fission yields (IFY) following thermal neutron-induced fission of 235U, where mass A =
140 is abundantly produced. The suitable half-lives and the presence of 140Xe, a noble gas that is difficult to contain, make the 140Ba / 140La
chronometer an effective tool for estimating the zero time of a nuclear event [7].

The ENSDF evaluation [2] of 140La is primarily based on
the study by Chand et al. [11] from 1991, which used a limited
two-detector setup. The DDEP evaluation uses the same data,
averaging it with a number of older studies [12]. Since the
work by Chand, there have been considerable advancements
in the instrumentation for γ -ray spectroscopy.

This study reports results from two independent experi-
mental campaigns. The first used the CLARION2 array at
Florida State University (FSU) to identify previously unob-
served low-intensity transitions and determine the intensity of
known transitions. The second used the Gammasphere array at
Argonne National Laboratory (ANL) to obtain precise angular
information on decay levels through an angular-correlations
analysis. With these complementary measurements, we aim to
provide a complete characterization of the β decay of 140La.
We propose new recommended values for the intensities of
the strongest transitions, based on this work and a number of
older studies [11,13–30].

II. EXPERIMENT

Sources of 140La were produced at the University of
Massachusetts (UMass) Lowell research reactor through
thermal-neutron irradiation of two natural La (99.9% 139La)
foils (total mass = 0.5 g) for 10 s. The initial activity of the
produced 140La was 20.5 µCi and 97 µCi for the ANL and
FSU samples, respectively. Since the daughter 140Ce is stable
and 140La was produced from nearly pure 139La in a thermal
neutron beam, all events observed in the spectrum can be
attributed to the γ rays emitted from 140La β− decay.

A. CLARION2 measurement

The 97 µCi 140La source was transferred from UMass
Lowell to FSU and installed in the chamber of CLARION2
six days after irradiation. The assay of the sample was carried
out over a five-day period. The CLARION2 array is a 4π

array with 16 high-purity germanium (HPGe) clover detec-
tors. Each HPGe clover detector is shielded with a bismuth
germanate Compton shield. The setup and its performance are
described in detail in Ref. [31].

At the time of the measurement, CLARION2 had 10 ac-
tive HPGe clover detectors. Three crystals were subsequently
excluded in the analysis phase because of their poorer energy
resolution. The singles spectrum of the decay 140La → 140Ce
measured with CLARION2 is given in Fig. 2. Efficiency cal-
ibrations were carried out using 152Eu [32],133Ba [33], and
24Na [34] reference sources. We estimated a 1.5% systematic
uncertainty on the intensity determination coming from the
efficiency calibration, which was added in quadrature with the
statistical uncertainty for the reported intensities.

Data were sorted using the CLARION2 TRINITY sorting
code into a singles spectrum (1.4 × 1010 events) and a γ -γ co-
incidence matrix (1.7 × 107 events). The data were analyzed
using the RADWARE package GF3M, modified for matrix anal-
ysis [35]. When possible, γ -ray transitions were confirmed in
coincidence spectra.

B. Gammasphere measurement

The 20.5 µCi 140La source was transported from UMass
Lowell to ANL, where it was installed in the Gammas-
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FIG. 2. Singles spectra following the decay of 140La as measured
with CLARION2. All visible lines correspond to the decay of 140La;
the strongest transitions are marked with their energy in keV.

phere array 25 hours after irradiation and assayed over a
three-day period. At that time, Gammasphere had 48 active
Compton-suppressed HPGe detectors. Efficiency calibrations
were carried out using 152Eu [32], 243Am [36], 56Co [37], and
182Ta [38]. Well-characterized transitions were used for all
four reference sources.

Data were sorted using the GSSORT package [39] into a
singles spectrum (1.9 × 1010 events) and a γ -γ coincidence
matrix (2.5 × 109 events). The data were analyzed using the
RADWARE package GF3M, modified for matrix analysis [35].

The 4π configuration of Gammasphere detectors allowed
us to carry out angular correlation measurements for 12
different transitions. The detector pairs were split into 12
bins based on the angle θ between different Gammasphere
rings. The pair combinations corresponded to θ = 21°, 35°,
41°, 53°, 55°, 61°, 67°, 71°, 73°, 75°, 79°, 89°. The fit-
ted A2 and A4 coefficients were extracted and matched to
theoretical decay scheme values calculated from angular cor-
relations from Yamazaki [40]. For the theoretical fit the
mixing ratio, δ, was allowed to vary for the gamma ray of
interest.

III. RESULTS

In this section we report results from both measurements,
starting with the revised decay scheme and the intensities
of the transitions. Results will be compared to the current
ENSDF evaluation, largely based on the work by Chand et al.
[11], as well as to earlier results.

Table I lists the energies, intensities and placement of the
γ rays observed following the decay of 140La in the current
work. The intensity values were derived using two indepen-
dent analysis pipelines that started from the same raw dataset.
For each transition, yields were extracted in both the singles
spectrum and in coincidence matrices, when possible. Within
each pipeline, singles- and coincidence-based intensities were
combined by a weighted average; the two pipeline results
were then further averaged. The quoted uncertainty is the
larger of the internal and external errors, with the calibration
systematic added in quadrature. Intensities derived from the

matrix were corrected for angular correlation effects. Most
corrections were on the order of a percent or less, the largest
being a 2% correction to the 950.9-keV transition. Inten-
sity discussions are made with Iγ (1596 keV) = 100. Level
energies were determined through a least-squares fit to the
measured γ -ray energies. We were able to determine new
γ -ray transitions with an intensity as low as 0.000015 times
the strongest transition. The full decay scheme is shown in
Fig. 3. A total of 40 transitions were confirmed, and we pro-
pose minor adjustments to the decay scheme. In the following
we will provide a justification for the proposed changes. The
Appendix includes details on the angular correlations analysis
(Table II) and the β-feeding values determined from γ -ray
intensity balance (Table III).

A 4+ level at 2516 keV was previously proposed [2] based
on two depopulating transitions, a 432-keV γ ray populat-
ing the 4+

1 level and a 919.5-keV γ ray populating the 2+
1

level. In the present work, we identify an additional 166-
keV transition populating the 5+ level at 2350 keV. Support
for this new transition is provided in Fig. 4, where gates
on both the 242- and 267-keV transitions which depopu-
late the 2350-keV level reveal the 166-keV transition. The
same transition and placement were proposed by Hassan
et al. [13] based on a peak observed in coincidence with the
1596 keV transition, but not adopted in the current ENSDF
evaluation [2].

A level at 2521 keV was proposed [2] on the basis of 6
depopulating transitions. We confirm the placement of the
109.6-, 173.5-, 618.8-, 925.1-, and 2521.7-keV transitions, but
we find no evidence for a 438.5-keV transition. A 438.5-keV
transition depopulating the 2521-keV level would populate
the 2083-keV level. In a gate on the 487-keV transition which
depopulates the 2083-keV level, shown in Fig. 5, there is no
evidence for a 438.5-keV transition, which was previously
reported with an intensity Iγ (438.5 keV) = 0.041. For com-
parison, the gate clearly shows the 398-keV peak [Iγ (398 keV)
= 0.071] which also feeds the 2083-keV level. We can place
a limit of Iγ (438.5 keV) < 0.005 based on the coincidence
spectrum.

A 1+ level at 2547 keV was proposed [2] based on two
depopulating transitions at 951 and 2547 keV. We confirm
these, and propose a new depopulating transition at 645 keV to
the 0+ level at 1903 keV, as shown in Fig. 6. In addition, we do
not confirm another transition at 1097 keV into the 1903-keV
level that was previously proposed [11] from the 2+ level at
3001 keV. For this transition, we set an upper limit on the
intensity of Iγ (1097 keV) < 0.0002 compared to the intensity
of 0.024(5) previously reported in Ref. [2].

A 4− level at 3395 keV was previously proposed [2],
with one 1045-keV depopulating transition. This transition
was proposed based on neutron inelastic-scattering data [41],
but its placement in the level scheme was uncertain. We
confirm the placement of this transition, but find a lower in-
tensity [Iγ (1045.2 keV) = 0.014(2)] than previously reported
[0.026(15) [2]]. We also identify a new transition from this
level at 982.8 keV [Iγ (982.8 keV) = 0.009(2)], shown in
Fig. 7.

Finally, we propose a new transition out of the level at
3474 keV, that was previously identified [2] based on 993-
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FIG. 3. Levels in 140Ce populated in the β decay of 140La. New transitions are highlighted in red. Transitions not observed in the present
work are dashed in blue. Transitions are labeled by their energy in keV, followed by their intensity and associated uncertainties in italics.
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TABLE I. Levels populated in the decay of 140La into 140Ce and their γ -ray transitions compared to the current ENSDF evaluation [2]. The
intensities, measured with the CLARION2 array, are normalized to Iγ (1596) = 100. Ei and Ef are the initial and final levels of the γ transition,
respectively. For a comparison of some of the more discrepant lines with additional literature values, see the Appendix .

Jπ Ei (keV) Eγ (keV) Ef (keV) Iγ (rel) ENSDF

2+ 1596.33(5) 1596.23(7) 0.00 100.0 (15) 100.0 (15)
0+ 1902.74(9) 306.9(5) 1596.33 0.040 (3) 0.026 (7)
4+ 2083.26(6) 486.92(7) 1596.33 46.2 (7) 47.7 (6)

2083.7(3) 0.00 0.065 (11) 0.0121 (7)
6+ 2107.75(10) 24.6a 2083.26 <0.003a <0.003
2+ 2347.88(5) 444.8(2) 1902.74 0.0015 (1) 0.003 (1)

751.50(7) 1596.33 4.52 (7) 4.54 (4)
2347.92(7) 0.00 0.86 (2) 0.89 (3)

5+ 2349.68(8) 241.93(7) 2107.75 0.399 (30) 0.434 (8)
266.52(7) 2083.26 0.440 (14) 0.488 (8)

3+ 2411.98(6) 64.5(3) 2347.88 0.012 (1) 0.015 (2)
328.68(7) 2083.26 20.1 (3) 21.3 (3)
815.65(7) 1596.33 24.5 (4) 24.4 (2)

3− 2464.11(6) 867.71(7) 1596.33 5.79 (9) 5.77 (7)
2464.17(9) 0.00 0.026 (2) 0.012 (2)

4+ 2480.80(8) 68.4(2) 2411.98 0.056 (4) 0.079 (2)
131.19(7) 2349.68 0.27 (7) 0.49 (1)
397.5(1) 2083.26 0.071 (3) 0.077 (5)

4+ 2515.75(8) 166.1 (1)b 2349.68 0.019 (1)
432.44(7) 2083.26 2.93 (4) 3.04 (3)
919.47(8) 1596.33 2.92 (7) 2.79 (3)

2+ 2521.46(5) 109.55(7) 2411.98 0.110 (20) 0.230 (4)
173.54(7) 2347.88 0.101 (20) 0.133 (4)
438.5c 2083.26 <0.005 0.041 (10)
618.8(1) 1902.74 0.018 (1) 0.039 (4)
925.10(4) 1596.33 7.29 (11) 7.23 (7)

2521.7(2) 0.00 3.48 (5) 3.63 (4)
1+ 2547.24(8) 644.54(15)b 1902.74 0.0023 (2)

950.89(7) 1596.33 0.543 (9) 0.544 (7)
2547.3(2) 0.00 0.095 (7) 0.106 (3)

2+ 2899.77(6) 1303.64(11) 1596.33 0.041 (4) 0.044 (7)
2899.65(7) 0.00 0.068 (4) 0.070 (2)

2+ 3001.35(9) 1097.20c 1902.74 <0.0002 0.024 (5)
1405.02(7) 1596.33 0.062 (5) 0.062 (7)

2+ 3118.60(8) 3118.56(8) 0.00 0.027 (2) 0.026 (1)
2+ 3318.60(8) 3318.38(8) 0.00 0.0040 (6) 0.0040 (3)
(4−) 3394.83(10) 982.77(15)b 2411.98 0.009 (2)

1045.16(7) 2349.68 0.014 (2) 0.026 (15)
3− 3473.85(9) 993.04(8) 2480.80 0.007 (4) 0.014 (5)

1009.7(1)b 2464.11 0.008 (1)
1877.7(2) 1596.33 0.035 (4) 0.043 (4)

(4+) 3521.96(10) 1925.62(9) 1596.33 0.016 (10) 0.014 (2)

aFrom level energy difference. Transition not observed but implied by coincidence analysis. The limit on the intensity, used for the β feedings
in Table III of the Appendix, was adopted from Ref. [15].
bNewly observed γ ray.
cTransition not observed in this work. Energy from level-energy difference.

and 1878-keV depopulating transitions. This transition at
1010 keV, shown in Fig. 8, populates the level at 2464 keV.

A separate discussion needs to be made about the 2083.7-
keV E4 transition, for which we measured an intensity that
is 2 to 9 times larger than the majority of other measure-
ments. Accurately determining the intensity of this transition
is particularly challenging because of the presence of two
strong transitions, at 486.9 (Iγ = 46) and 1596.2 keV (Iγ

= 100), whose energies sum to the energy of the peak in
question. We estimated the contribution of random and true
coincidences by comparing it with the summing peaks of
other strong transitions (1596–1596, 1596–816) which do not
have a corresponding peak at the sum energy. The intensity
reported in Table I was obtained by subtracting the coin-
cidence summing contributions rescaled with the detection
efficiency.
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FIG. 4. A new transition at 166 keV is proposed that depopulates
the level at 2516 keV, which was confirmed by gating on the two
transitions out of the 2350-keV level. The strong 131-keV transition
populating the 2350-keV level is also visible in the gated spectra.

Angular correlation results for a few chosen transitions
are presented in Fig. 9 and numerical results are given in
Table II of the Appendix. As shown in Fig. 9(a), the well
established 4-2-0 cascade of 487–1596 keV shows excellent
agreement with the theoretical prediction. Similarly, for the
752–1596 keV cascade of spins 2-2-0, the angular correlation
analysis gives a mixing ratio of δ = 0.35(1) for the 752-keV
transition, which is in excellent agreement with the values of
0.38(4) from β decay and 0.31+34

−14 from (n, n′γ ) [2].
For the 432–487 keV, 4-4-2 cascade, there is a single mea-

surement [2] of the 432-keV mixing ratio of δ = −0.04(2),
indicating nearly pure M1 character. The present angular cor-
relation analysis confirms the prior result, yielding a mixing
ratio of 0.01(3). The 329-keV transition is part of a 3-4-2
cascade, and its mixing ratio was previously determined as
−0.049(6) in β decay and either 0.19(4) or 13+11

−5 in (n, n′γ )
[41]. The present analysis favors the solution of nearly pure
M1 character with δ = −0.07(2).

FIG. 5. Spectrum obtained with a gate on the 487-keV transition,
showing a 398-keV transition, but no evidence for a 438.5-keV
gamma, previously reported with a similar intensity.

FIG. 6. Spectrum obtained with a gate on the 307-keV peak
out of the 1903-keV level. A proposed new transition is visible at
645 keV, but we see no signs of a peak around 1097 keV.

IV. DISCUSSION

The importance of 140La in societal applications is evident
from the more than 20 experiments conducted over the past
70 years to characterize its decay. As mentioned previously,
the DDEP evaluation attempts to incorporate some of the data
from literature, while the latest ENSDF evaluation adopts data
from the most recent work by Chand et al. [11].

In an effort to consider the full body of data available
on 140La decay, we performed a comprehensive literature
search of measured γ -ray intensities. Our focus is on the
three most intense transitions, which are the most likely to be
used to identify and quantify 140La in nuclear forensics and
other applications. Numerical values, along with the recom-
mended relative intensities, are summarized in Table V of the
Appendix.

The strongest transition at 1596 keV is often reported with
an intensity of 100, to which all other intensities are nor-
malized. To convert these to absolute values, one can obtain
a normalization factor by summing the total flux of transi-
tions populating the ground state, of which the 1596-keV

FIG. 7. A new 983-keV transition is proposed depopulating the
level at 3395 keV, confirmed by gating on the 816- and 329-keV
transitions out of the 2412-keV level.
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FIG. 8. A new 1010-keV transition is proposed depopulating the
level at 3474 keV, confirmed by gating on the 868-keV transition
out of the 2464-keV level. The single-escape peak from the strong
1596-keV transition can also be seen in the gate.

transition is the main contributor. This method, which was
used to provide absolute intensities in most of the literature
data [14,19,23,24], is possible because the direct beta decay
to the ground state is negligible, as it is a highly forbidden
decay (3− → 0+). Using this approach, we determine that
the 1596-keV transition is observed in 95.49(8)% of 140La
decays, in excellent agreement with the value of 95.40(8)%
adopted in the current evaluation from Debertin et al. [2,19].
While the sub-0.1% uncertainty applies to this transition, it
reflects cancellation effects between the two highly correlated
quantities Iγ (1596 keV) and the normalization, as discussed
in detail in Ref. [42]. We obtain a normalization factor of
0.955(14) to convert to absolute values the intensities of all
γ rays that do not directly populate the ground state. Debertin
et al. only estimated the contribution to the conversion factor
of some weak transitions to the ground state that we were
able to measure directly. For this reason we recommend our
absolute Iγ (1596 keV) and the normalization factor. Absolute

FIG. 9. Angular correlation plots measured with Gammasphere for the cascades (a) 487-1596 (b) 752-1596 (c) 432-487 (d) 329-487. The
red solid line represents a fit to the data points. Respective δ and A2 and A4 values are listed in the Appendix.
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FIG. 10. Relative intensities of the 487- (a) and 816-keV (b) transitions from the decay of 140La reported in the literature. Intensities are
normalized to Iγ (1596) = 100. The horizontal line is the weighted average of the experimental measurements. Older and discrepant data
points, in red, have been excluded from the average based on a statistical analysis. For absolute intensities, we recommend a conversion factor
of 0.955(14), based on our estimated total flux of transitions to the ground state. The literature data are labeled on the abscissa by author and
year; these labels correspond to the following references: Chand (1991) [11]; Hassan (1986) [13]; Olomo (1984) [14]; Adam (1982) [15]; Kaur
(1980) [16]; Ardisson (1978) [17]; Gehrke (1977) [18]; Debertin (1977). [19]; Lin (1976) [20]; Harvey (1975) [21]; Ardisson (1971) [22];
Kalinnikov (1970) [23]; Baer (1968) [24]; Karlsson (1967) [25]; El-Nesr (1967) [26]; Huguet (1966) [27]; Simons (1963) [28]; Prikhodtseva
(1958) [29]; and Bolotin (1955) [30].

intensities for all transitions are reported in Table V of the
Appendix.

The next strongest transition is the one at 487 keV. As
shown in Fig. 10(a), there are large fluctuations in the mea-
sured data. The weighted average for the relative intensity
is Iγ (487 keV) = 47.42(40), which we calculated after ex-
cluding outliers based on their large contribution to the
total χ2 [21,26,27] and older measurements reported with-
out uncertainties [28–30], shown in red in Fig. 10(a). Our
recommended absolute intensity is 45.3 (8)%, which agrees
well with the value of 45.5(6)% currently recommended
in ENSDF.

The third-strongest transition is at 816 keV, and mea-
sured data are shown in Fig. 10(b), where we notice once

again the spread among previous results, even those reported
with high precision. Also in this case, discrepant data points
[13,21,22,26] and older data [27–29], in red in Fig. 10(b), have
been excluded from the weighted average. One additional
data point reported in Ref. [30] with Iγ = 46 has not been
plotted, for clarity. The recommended relative intensity for
this transition is Iγ (816 keV) = 24.27(18). Our recommended
absolute intensity is 23.2(4)%, in good agreement with the
ENSDF value of 23.3(2)%.

Using the same method, we also provide a recommended
value for the transition at 329 keV. The recommended ab-
solute intensity is Iγ (329 keV) = 20.1(4)%, based on the
weighted average of the relative intensities Iγ (329 keV) =
21.0(2). In this case, the spread of the data points is even
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broader, and we excluded from the weighted average values
from Refs. [25,27]. A figure showing all data points and the
resulting average is presented in Fig. 11 of the Appendix.

V. CONCLUSION

In this work, we performed high-precision gamma-ray
spectroscopy of 140La using the Gammasphere and CLAR-
ION2 arrays. Our analysis identified a total of 40 transitions,
including three previously unreported transitions.

We updated the decay scheme of 140La and provided
recommended γ -ray intensities for the strongest transitions
based on both our experimental data and a comprehensive
reevaluation of past measurements. The revised intensity val-
ues of the most prominent transitions at 328.7, 486.9, and
815.7 keV are in general agreement with recent evaluations.
While the central values remain close to those compilations,
our recommendations supply a single set that resolves minor
inconsistencies across sources and is accompanied by an ex-
plicitly propagated uncertainty.

The high-statistics measurement conducted with Gamma-
sphere also allowed us to perform an angular correlation
analysis, which generally confirmed the level assignments and
spin-parity designations in the decay of 140La.
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APPENDIX

See Tables II–V for additional information on angular correlation analysis, β-feeding, a literature review of the available
intensities for the strongest transitions following 140La β-decay and the absolute intensities for 100 decays obtained from our
work. See Fig. 11 for the relative intensities of the 329-keV transition from the decay of 140La reported in the literature.

TABLE II. Summary of angular correlation analysis. γg is the gating transition and γa is the analyzed transition. The third column gives
the spins used in the analysis, while the fourth, fifth, and sixth columns respectively give the mixing ratio of the γa transition and the A2, A4

coefficients resulting from the Legendre fit to the data. The last column gives the evaluated values of mixing ratios if available. We selected
(γg, γa ) pairs that yielded well-resolved coincidence peaks with sufficient statistics for a reliable fit.

γg (keV) γa (keV) Ji-J-Jf δ A2 A4 δlit [2]

1596 487 0-2-4 0.102(3) 0.0092(5)
752 0-2-2 0.35(1) −0.0145(9) 0.036(2) 0.38(4)
816 0-2-3 −0.02(1) −0.091(1) 0.0012(9) −0.03(1)
868 0-2-3 0.01(1) −0.067(1) 0.004(1)
919 0-2-4 0.12(1) 0.015(4)
925 0-2-2 −0.18(1) 0.354(8) 0.011(1) −0.22(4)
951 0-2-1 0.003(4) −0.26(1) 0.021(5) 0.01(7)

487 432 4-2-4 0.01(3) 0.198(8) 0.03(1) −0.04(2)
329 4-2-3 −0.07(2) −0.083(4) 0.012(1) −0.049(6)
267 4-2-5 0.06(3) −0.028(2) 0.031(2) −0.14(12)

131 267 4-5-4 −0.02(3) 0.079(3) 0.035(4) −0.13(5)
110 329 2-3-4 0.33(5) −0.049(5) 0.011(7) 0.26(2)
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TABLE III. Energy levels and corresponding β-feeding values determined from γ -ray and conversion-electron intensity balance; our
results are compared with literature values from [2].

Energy level (keV) Iβ− (%) I lit
β− [2] (%)

1596.33 7.1(17) 5.9(16)
1902.74 0.019(4) <0.002
2083.26 20.3(14) 20.2(9)
2347.88 4.98(12) 4.97(5)
2349.68 0.44(15) 0.207(25)
2411.98 43.2(8) 43.9(4)
2464.11 5.55(12) 5.52(7)
2480.80 0.70(12) 1.124(20)
2515.75 5.67(12) 5.63(5)
2521.46 10.66(20) 11.05(8)
2547.24 0.613(23) 0.622(8)
2899.77 0.104(6) 0.109(7)
3001.35 0.059(5) 0.082(9)
3118.60 0.0258(20) 0.0248(10)
3318.60 0.0038(6) 0.0038(3)
3394.83 0.022(3) 0.025(15)
3473.85 0.048(6) 0.054(7)
3521.96 0.015(10) 0.0134(19)
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TABLE V. Levels populated in the decay of 140La to 140Ce and the corresponding γ -ray transitions, with absolute intensities per 100 decays
determined from our work. Ei and Ef are the populated and final levels of the γ transition, respectively. Recommended values are based on a
combined analysis of all available literature data and the present results.

Jπ Ei (keV) Eγ (keV) Ef (keV) Iγ (%) Recommended

2+ 1596.33(5) 1596.23(7) 0.00 95.49 (8) 95.49 (8)
0+ 1902.74(9) 306.9(5) 1596.33 0.038 (3)
4+ 2083.26(6) 486.92(7) 1596.33 44.1 (9) 45.3 (8)

2083.7(3) 0.00 0.062 (11)
6+ 2107.75(10) 24.6a 2083.26 <0.0029a

2+ 2347.88(5) 444.8(2) 1902.74 0.00143 (10)
751.50(7) 1596.33 4.32 (9)

2347.92(7) 0.00 0.821 (22)
5+ 2349.68(8) 241.93(7) 2107.75 0.38 (3)

266.52(7) 2083.26 0.419 (15)
3+ 2411.98(6) 64.5(3) 2347.88 0.0115 (10)

328.68(7) 2083.26 19.2 (4) 20.1 (4)
815.65(7) 1596.33 23.4 (5) 23.2 (4)

3− 2464.11(6) 867.71(7) 1596.33 5.53 (12)
2464.17(9) 0.00 0.0248 (20)

4+ 2480.80(8) 68.4(2) 2411.98 0.053 (4)
131.19(7) 2349.68 0.26 (7)
397.5(1) 2083.26 0.068 (3)

4+ 2515.75(8) 166.1 (1)b 2349.68 0.0181 (10)
432.44(7) 2083.26 2.80 (6)
919.47(8) 1596.33 2.79 (8)

2+ 2521.46(5) 109.55(7) 2411.98 0.105 (19)
173.54(7) 2347.88 0.0965 (24)
438.5c 2083.26 <0.0048
618.8(1) 1902.74 0.0172 (10)
925.10(4) 1596.33 6.96 (15)

2521.7(2) 0.00 3.32 (7)
1+ 2547.24(8) 644.54(15)b 1902.74 0.00220(20)

950.89(7) 1596.33 0.519 (21)
2547.3(2) 0.00 0.091 (7)

2+ 2899.77(6) 1303.64(11) 1596.33 0.039 (4)
2899.65(7) 0.00 0.065 (4)

2+ 3001.35(9) 1097.20c 1902.74 <0.00019
1405.02(7) 1596.33 0.059 (5)

2+ 3118.60(8) 3118.56(8) 0.00 0.0258 (20)
2+ 3318.60(8) 3318.38(8) 0.00 0.0038 (6)
(4−) 3394.83(10) 982.77(15)b 2411.98 0.0086 (19)

1045.16(7) 2349.68 0.0134 (19)
3− 3473.85(9) 993.04(8) 2480.80 0.007 (4)

1009.7(1)b 2464.11 0.0076 (10)
1877.7(2) 1596.33 0.033 (4)

(4+) 3521.96(10) 1925.62(9) 1596.33 0.015 (10)

aFrom level energy difference. Transition not observed but implied by coincidence analysis. The limit on the intensity, used for the β

feedings in Table III, was adopted from Ref. [15].
bNewly observed γ ray.
cTransition not observed in this work. Energy from level-energy difference.
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FIG. 11. Relative intensities of the 329-keV transition from the decay of 140La reported in the literature. Intensities are normalized to
Iγ (1596) = 100. The horizontal line is the weighted average of the experimental measurements. Older and discrepant data points, in red, have
been excluded from the average based on a statistical analysis. For absolute intensities, we recommend a conversion factor of 0.955(14). The
literature data are labeled on the abscissa by author and year; these labels correspond to the following references: Chand (1991) [11]; Hassan
(1986) [13]; Olomo (1984) [14]; Adam (1982) [15]; Kaur (1980) [16]; Ardisson (1978) [17]; Gehrke (1977) [18]; Debertin (1977) [19]; Lin
(1976) [20]; Harvey (1975) [21]; Ardisson (1971) [22]; Kalinnikov (1970) [23]; Baer (1968) [24]; Karlsson (1967) [25]; El-Nesr (1967) [26];
Huguet (1966) [27]; Simons (1963) [28]; Prikhodtseva (1958) [29]; and Bolotin (1955) [30].
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